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A C1 polymerization is a polymerization in which the backbone of the polymer is grown by 
one carbon atom for each monomer added to the chain. By polymerizing substituted C1 monomers, 
persubstituted polymers can be synthesized which contain functionalized pendant groups on each atom 
of the polymer’s backbone. Often times, these persubstituted polymers are not easily synthesized 
through conventional polymerizations, and can show enhanced physical and/or chemical properties over 
conventional analogues. One class of C1 polymerizations utilizes carbyne precursors as monomers, 
which possess a geminal trifunctionalized carbon atom. When polymerized, all three geminal functional 
groups are replaced by new carbon-carbon bonds formed between monomers.  Two of these new 
carbon-carbon bonds form the backbone of the polymer, with the third bond determining the polymers 
structure. The final bond can either be a sigma bond to a third monomer, creating a sp3 network polymer, 
or a pi bond to one of the other adjacent monomers, forming a highly unsaturated backbone.  
To date, only four geminal trihalides, bromoform, chloroform, 1,1,1-trichloroethane, and 
trichlorotoluene, have been utilized as monomers in C1 carbyne polymerizations. Our work has greatly 
expand the scope of these polymerizations by varying both the reactive geminal functionalities as well 
as the pendant groups.  Two new functionalities, fluorine and methyl ether, have been utilized as leaving 
groups in reductive poly(carbyne) synthesis, with  trifluorotoluene and trimethly orthobenzoate both 
polymerizing into poly(phenyl carbyne). Additionally, a number of ester and ketone containing 
monomers have successfully been polymerized into the first poly(carbynes) containing polar carbonyl 
groups. While these new monomers readily polymerized in the presence of Li, higher yields and 
molecular weights were obtained when an electron transfer agent, such as naphthalene, was also present 
in the reaction.  
Interestingly, when different carbyne precursors are polymerized, we find a dichotomy in both 
the bonding structure of the polymer backbone as well as the polymerization mechanism.  Monomers 
containing phenyl groups adjacent to the trifunctionalized atom undergo a chain-growth mechanism to 
give polymers with a branching sp3 backbone. Conversely, carbyne precursors containing carbonyl 
groups in the pendant chain exclusively polymerize via a step-growth mechanism to give polymers with 
unsaturated, linear backbones. In the case of polymers made from trichlorotoluene and pentyl 
trichloroacetate, the mechanism and final polymer architecture do not depend on reaction conditions, 
such as the use of an electron transfer agent, and are based solely on the monomer employed.  
While the step-growth mechanism of poly(ester carbyne) is expected for a condensation 
polymerization, the chain condensation seen in the synthesis of poly(phenyl carbyne) is quite 
uncommon. The presence of a chain-growth mechanism suggests that growing chains of poly(phenyl 
carbyne) become activated towards further polymerization in comparison to their monomers. On the 
other hand, poly(ester carbyne)s experience the opposite effect upon polymerizing, becoming less 
reactive than their monomers. The changes in reactivity are likely caused by the steric and electronic 
differences which arise from replacing a C-Cl bond with another structural unit.  The polymerization of 
poly(phenyl carbyne) is the first example of a chain condensation polymerization caused by “change of 
substituent” effects on a single carbon atom, and if the polymerization can be finely tuned, could lead 
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Since the first half of the 20th century, synthetic polymers have become vital materials in 
contemporary society. Polyolefins in particular, such as poly(ethylene), poly(propylene), and 
poly(styrene) (see Figure 1), have become ubiquitous and frequently find utility in consumer goods, 
building materials, and medicine, among other applications. As reflected in the nomenclature, 
polyolefins are comprised of multiple, unsaturated alkenes (olefins) interconnected through a process 
wherein the length of the growing polymer chain increases by two carbon atoms per monomer addition 
cycle. Such processes may be classified as “C2 polymerizations” and, depending on the monomer 
employed, can be conducted using free radical, anionic, cationic, or transition metal-catalyzed 
polymerization techniques.1 
 
Figure 1. Structures of various polymers 
While many polymers have been prepared using C2 polymerization methods, limitations exist 
that prevent certain structures from being realized. For example, persubstituted polymers, which feature 
pendant (non-hydrogen) substituents on every atom of the backbone, are often incompatible with known 
C2 polymerization techniques for steric and/or electronic reasons. Regardless, polymers with such 
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substitution patterns offer the potential to display relatively high densities of functional groups, adopt 
unusual architectures, or exhibit high crystallinities due to restricted bond rotation. 
The prototypical example of a persubstituted polymer is poly(methyl methylene). While large 
quantities of poly(propylene) are synthesized every year, poly(methyl methylene) remains relatively 
unknown. Conventional polymerizations of 2-butene, a potential olefinic precursor to poly(methyl 
methylene), do not afford the persubstituted polymer as the major product; instead, a series of 
rearrangements result in the formation of one pendant methyl group for every three carbons atoms along 
the resulting polymer backbone (see Figure 2).2 Similar isomerization phenomena are observed during 
the polymerizations of other internal olefins and, to the best of our knowledge, well-defined poly(alkyl 
methylene)s are not readily accessible through vinyl polymerization methodologies.3-5 
 
Figure 2. The polymerization of 2-butene typically results in rearrangement 
“C1 polymerizations” offer access to poly(alkyl methylene)s and other persubstituted polymers.6 
As the name implies, C1 polymerizations grow polymer chains in one carbon atom increments during 
the propagation step. The monomers for such polymerizations are formally divalent carbenes or 
trivalent carbynes (see Figures 3a and 3b). Unfortunately, carbenes and carbynes are typically 
challenging to isolate and, as such, are generally introduced as their appropriate precursors or 
derivatives. Common examples include diazo compounds, ylides, geminal dihalides, trihalides, various 
transition metal complexes, and isocyanides (see Figure 3c). In some cases, C1 polymerizations are 
accompanied by the condensation of small molecules (byproducts), which may serve to drive the 
reactions. Additionally, many C1 monomers require activation, predominately through metal6-8 or 
Lewis acid6, 8-10 catalysts. In the former, polymerizations can be initiated through the addition of either 




Figure 3. Generalized examples of C1 polymerizations as conducted using (a) carbene, (b) carbyne, 
or (c) isocyanide precursors as monomers. 
Herein we describe the use of various carbene and carbyne precursors in C1 polymerizations. 
The following three sections will focus on the polymerizations of diazo compounds and ylides which 
are among the most common monomers used in C1 polymerizations. The sections are further divided 
according to the catalysts used to facilitate such chemistry. Discussions will begin with copper, which 
was the first metal employed to catalyze the polymerization of diazo compounds. Later subsections will 
describe the use of other catalysts, including Lewis-acids, gold, palladium, and rhodium. The 
penultimate section will briefly discuss C1 polymerizations that have been conducted using 
stoichiometric quantities of metals. Finally, concluding remarks as well as some perspectives for the 
field will be offered. Throughout the chapter, emphasis will be placed on the scope of the 
polymerization chemistry, mechanistic insight, and potential opportunities for further development. 
1.2 C1 Polymerizations That Utilize Diazo-Containing Monomers 
1.2.1 Copper-Catalyzed Polymerizations 
In 1948, it was reported that treating an ethereal solution of diazomethane with copper powder 
resulted in the formation of poly(methylene), a C1 analog of poly(ethylene), in about 10% yield after 
24 hours.11 Spectral analysis of the polymer using infrared (IR) spectroscopy displayed signals 
characteristic of a polymer made entirely of methylene groups, and the molecular weight of the polymer 
was determined to be 20 kDa using dilute solution viscometry. Various Cu(II) salts, including copper 
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stearate, citrate, succinate, or benzoate, were also reported to afford poly(methylene) from 
diazomethane and, while the yields were similar to those obtained using copper powder, the polymers 
produced were of relatively lower molecular weight.12, 13 
A similar reaction using diazoethane and copper powder in a 5:1 ratio afforded poly(methyl 
methylene) with a molecular weight of 5.8 kDa in over 80% yield.11 Similar to diazomethane, 
diazoethane was also polymerized using a variety of Cu(I) and Cu(II) and yielded similar quantities of 
polymers with molecular weights of 7.2 kDa and 2.5 kDa, respectively. Reduction of the initial 
monomer concentration from 0.12 M to 0.06 M increased the molecular weights of the polymeric 
product to as high as 14 kDa. Relatively high yields were reported with copper stearate, which also 
enabled the use of monomer to catalyst ratios that were as high as 10,000.13 The IR spectra recorded for 
the polymers obtained from diazoethane were reported to differ from the data acquired for 
poly(methylene) and were consistent with the presence of methyl pendant groups on every carbon atom 
of the polymer.  
Using copper powder, Ray and coworkers reported that the polymerization of 1-diazopropane 
gave poly(ethyl methylene) with a molecular weight of 7 kDa in a 95% yield.11 Again, IR was used to 
identify the unique signals from the ethyl pendant groups. Attempts to polymerize longer or secondary 
alkanes, such as 1-diazobutane or 2-diazopropane, with copper powder did not afford polymer. 
However, 1-diazobutane was subsequently polymerized in a 92% yield by Mesrobian and coworkers in 
1955 using Cu(II) stearate, although molecular weight information was not provided.13 While no 
subsequent reports of polymerizations of higher diazoalkanes with copper have been reported to the 
best of our knowledge, Liu and coworkers relatively recently (2002) described the polymerization of 
allyl diazoacetate using copper powder.14 The polymer was shown to have a molecular weight of 3 kDa, 
as determined by size exclusion chromatography (SEC), and a nuclear magnetic resonance (NMR) 
spectroscopic analysis revealed that the polymer retained the ester and olefin functional groups found 
in the monomer.  
Several mechanisms have been proposed for the copper-catalyzed polymerization of 
diazoalkanes, and the active species is generally considered to be in the +1 oxidation state.15 One 
proposal involves Cu(I)-stabilized free radicals as the propagating species; however, the addition of 
radical scavengers to such copper-catalyzed reactions were reported to not effect on the molecular 
weights or yields of the polymer products.12, 13 Another proposal relies on a cationic chain-growth 
mechanism, although the presence of nucleophiles is not seen to prematurely terminate the 
polymerization reaction as is seen in similar polymerizations.15 Chain propagation via insertion of the 
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monomer into a Cu-alkyl bond has also been proposed. Such a mechanism is similar to those described 
for other catalysts that utilize diazoalkanes as monomers and is discussed in more detail below.   
In recent years, the paucity of publications using copper-catalyzed diazoalkane polymerizations 
may be due to the development of catalytic systems that display more desirable outcomes. For example, 
diazomethane treated with boron trifluoride was reported to form a poly(methylene) with a molecular 
weight over 3.3 MDa with 30%.16 Gold catalysts also appear to outperform copper as nearly quantitative 
yields of poly(methylene) can be obtained, and a broader scope of monomers may be used (vide infra). 
However, copper may hold economic benefits compared to gold or other metals, and the resurgence of 
copper catalysts for organic transformations17-19 has led to the development of commercially available 
copper catalysts that could promote C1 polymerization reactions.  
1.2.2 Lewis Acid-Catalyzed Polymerizations  
 The first reports of a Lewis-acid catalyzed polymerization of diazo compounds came from 
Meerwein in 1948.20 He reported that the addition of diazomethane to a room temperature ether solution 
of various boronic esters produced an insoluble polymer with the chemical formula (CH2)n. Repeating 
the reactions at 0 oC, Buckley reported the formation of a polymer spectroscopically identical (by IR 
and X-ray diffraction) to poly(methylene) prepared using a copper catalyst.21 The poly(methylene) was 
soluble in boiling tetralin and was analyzed through dilute solution viscosity to give a molecular weight 
estimated at 200 kDa. The reaction of diazomethane with boron trifluoride at 0 oC was found to progress 
in a violent manner and produced an even larger polymer of up to 3 MDa.16 While boron trifluoride was 
found to be the most reactive Lewis-acid toward diazomethane, a large number of boron compounds 
were found to catalyze the polymerization of diazomethane, including trace amounts of boronic esters 
found in silicone grease.22, 23  
While Buckley was unsuccessful in synthesizing homopolymers from larger diazoalkanes with 
boronic esters, he showed diazoalkanes up to 1-diazododecane polymerized as a copolymer with 
diazomethane.21  As is expected, these copolymers had increasing solubility and decreasing crystallinity 
as the length and content of the larger alkyl component increased. Use of a trinapthyl boron catalyst 
was also reported to lead to diazomethane copolymers with diazoethane and diazoisobutane which 
reached molecular weights up to 70 kDa.24  The first successful homopolymerization of higher 
diazocompounds using a Lewis-acid catalyst was achieved by using BF3 and resulted in the formation 
of poly(ethylidene)25 and poly(benzylidene).26 When polymerized at 0 oC, poly(methyl methylene) of  
5 kDa was formed, but further cooling of the polymerization to -115 oC increased the molecular weight 
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up to 20 kDa.  More recently, BF3 was used as a catalyst to produce polymers with paracyclophane side 
chains.  Both racemic and chiral (S and R) versions of the monomer, 4-diazomethyl[2.2]paracyclophane 
were prepared and successfully polymerized at -78 oC leading to the isolation of polymers of less than 
1.2 kDa in 13 – 20% yields. Interestingly, UV-Vis spectra of these polymers showed a strong 
bathochromic shift compared to both [2.2.]paracyclophane as well as the C2 polymer equivalent, 
poly(4-vinyl[2.2]paracyclophane).  This was attributed to transannular π-π interactions which occur due 
to the dense packing of the aromatic side chains in the C1 polymer.27 
A number of mechanisms have been proposed for the Lewis-acid catalyzed polymerization of 
diazo compounds, and it is generally considered that multiple might be operative based on the Lewis 
acid used.  The first mechanism, proposed by Kantor, was initiated through the complexation of a diazo 
monomer to the BR3 complex, followed by liberation of nitrogen to form the carbocation (Figure 4, a).16  
Propagation occurred through nucleophilic attack by another monomer onto the carbocation chain end, 
followed by liberation of nitrogen from the new end group. Feltzin and Davies both proposed a similar 
mechanism that differed from Kantor’s in that propagation occurred through an SN2 reaction on the 
chain end, with a diazo monomer liberating and replacing the N2 functionality at the end of a growing 
chain.13, 23 In all three cases, termination occurs through the loss of a proton and formation of an alkene 
end group. Finally, an insertion mechanism was proposed by Bawn which differed considerably from 
the other two.  This mechanism consisted of complexation of a diazo monomer to the BR3 followed by 
insertion of the monomer into the B-R bond (in the case of initiation) or growing polymer chain (in the 
case of propagation) with a concerted loss of N2 (Figure 4, b).26 Termination, in this case, was caused 
by the loss of N2 from a complexed monomer followed by hydride transfer mediated through formation 
of a 5 membered ring. This leads to an unsaturated polymer end group as well as reforming of a BR3 




Figure 4. Cationic (a) and insertion (b) mechanisms for the Lewis acid-catalyzed polymerization of 
diazo compounds. 
In comparison to alkyl diazo compounds, polymerization of polar carbonyl-containing diazo 
compounds by Lewis acids is substantially more difficult. Carbonyl-containing diazo compounds 
including esters, ketones, and aldehydes have been observed to undergo single insertions into the C-B 
bond of alkyl boranes, however further insertions are not seen.28-31 This has been reported to occur due 
to the formation of a stable O-boron enolate, which occurs from isomerization of the complex after 
insertion of the diazo compound.32 When the compound is exposed to aqueous conditions, the complex 
is hydrolyzed and the carbonyl-containing addition product is isolated. Shea found that borane (BH3) 
was able to catalyze multiple insertions of ethyl diazoacetate (EDA) leading to a mixture of products 
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ranging from ethyl acetate to hexamers, with dimer being the primary product (38%).33 Computational 
experiments showed that the C-boron enolate was more stable than the O-boron enolate for all insertion 
products after the first insertion due to interactions between boron and the carbonyl of the -carbonyl. 
 
Figure 5. The reaction of carbonyl-containing diazo compounds with boranes (a) often results in a 
single insertion due to keto-enol tautomerism. Shea showed that EDA was able to form a stable C-
boron enolate after two insertions, and was able to achieve products which had undergone 6 insertions 
(b). 
Diazoketones were successfully polymerized by Inoue through the use of trialkyl aluminum 
and diisobutylaluminum hydride (DIBAL).34  Polymerization of (E)‐1‐diazo‐3‐nonen‐2‐one and (E)‐1‐
diazo‐4‐phenyl‐3‐butene‐2‐one led to the isolation of polymers with Mn values between 2-5 kDa in 
yields up to 50%, however the polymer backbone was found to contain up to 33% azo and ethylidene 
groups.  The polymerization mechanism proposed was similar to the one proposed by Bawn, with the 
diazocompounds iteratively inserting in between the metal-carbon bonds. The azo addition process was 
proposed to occur when a terminal nitrogen atom of the monomer inserts into the growing polymer 
chain instead of undergoing expulsion. Reductive cleavage of the acyl groups was thought to be 
responsible for the formation of ethylidene groups in the backbone.  
   
1.2.3 Gold Catalyzed Polymerizations 
Saini and Nasini reported the first use of gold to synthesize poly(alkyl methylene)s in 1956., They 
reported a that a quantitative yield of poly(methylene) was obtained when AuCl3 was added to an 
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ethereal solution of diazomethane.35 The resulting polymer was determined by dilute solution 
viscometry to exhibit a molecular weight of 5 kDa. Higher diazoalkanes, up to 1-diazobutane, also 
underwent polymerization and yielded oligomers (ca. 1 kDa) under similar conditions. Polymer yields 
could be increased from approximately 10–30% to quantitative when the solvent system was switched 
from ether to n-octane.36 Even larger diazoalkanes, up to 1-diazooctane, were also reported to 
polymerize in n-octane and afforded polymers in yields between 30 and 70%. Molecular weights 
between 3.5 and 8.5 kDa, as determined by vapor phase osmometry (VPO), were reported for these 
polymers. The polymerization of these larger diazoalkanes produced a crystalline fraction in addition 
to an amorphous material.35 The crystalline component was only present when the polymerization was 
performed in ether, and made up approximately 5% and 1-2% of the total yield for poly(methyl 
methylene) and poly(ethyl methylene) or poly(propyl methylene), respectively. The increased 
crystallinity was attributed to stereoregular positioning of the alkyl sidechains along the backbone, as 
confirmed via X-ray diffraction analyses. 
In all of the cases described above, the transformation of AuCl3 to a colloidal gold through 
reduction was reported to occur immediately upon introduction to the diazoalkane solution. For example, 
the addition of AuCl3 to an ethereal solution of diazomethane led to the formation of a red colloid that 
contained gold particles with a diameter of about 13 nm, as determined by electron microscopy.35 After 
the polymerization reaction reached completion, the gold particles were recovered and washed to 
remove residual AuCl3. Subsequent addition of a freshly prepared solution of diazomethane to the gold 
particles led to further polymerization and afforded polymers in similar yields and molecular weights. 
Collectively, these observations indicated that the metallic gold particles, and not the AuCl3, were the 
active catalysts for these polymerizations. Diazomethane and diazoethane were also polymerized with 
gold foils, which supported the notion that metallic gold may be the catalytically active species in these 
reactions. While various other metal foils were used to catalyze the polymerization of diazoethane (see 









Table 1. Yields of poly(methyl methylene) as obtained from the polymerization of diazoethane using 
various metal foils (indicated). 
Metal Yield (%) Metal Yield (%) 
Cu 90 Pt 27 
Ti 67 Co 26 
Fe 64 Zn 25 
Mg 57 Cd 22 
W 45 Au 14 
Ni 38 Cr 13 
V 31 Al 7 
Mn 30 Mo 3 
Ta 30   
 
In 1963, Nasini and Trossarelli proposed a mechanism for the gold-catalyzed polymerization of 
diazoalkanes (see Figure 6).37 The mechanism begins with the adsorption of a diazoalkane molecule 
onto the metal, which was reported to result in the formation of a bond between the interacting carbon 
and gold atoms and the expulsion of nitrogen gas. Subsequent attack of another diazoalkane molecule 
on the adsorbed monomer, followed by nitrogen loss and migration of a hydrogen atom to gold, gives 
an unsaturated species that initiates the polymerization reaction. Propagation occurs with insertion of 
another monomer into the Au–C bond along with the release of nitrogen, increasing the length of the 
polymer by one carbon unit. Termination occurs when hydrogen recombines with the polymer end-




Figure 6. A proposed mechanism of a diazoalkane polymerization as catalyzed by a gold 
surface. 
In 1997, Allara et. al. used surface techniques such as ellipsometry and atomic force microscopy 
to further elucidate the mechanism of poly(methylene) growth on gold surfaces.38  Polymer formation 
was found to be initially localized in nanoclusters around high energy defect sites on the gold. These 
high energy sites were proposed to catalyze the complexation and decomposition of diazomethane to 
gold-bound carbenes. Combination of two carbenes led to formation of biradical “excited” ethene 
molecules that initiated the polymerization of surface-bound monomers and effectively resulted in the 
growth of polymer chains. Termination was reported to occur through a disproportionation process that 
resulted in the formation of vinyl and methyl end-groups. Finally, as full surface coverage was reached, 
the polymerization stopped and poly(methylene) films of up to 100 nm thickness were formed.  
In 2002, Guo and Jennings investigated the effects of mixed-metal surfaces on growing 
diazomethane films.39 A variety of gold films, modified with varying surface concentrations of Ag or 
Cu, were used to catalyze the growth of poly(methylene). A 60% coverage of Cu or Ag on the Au 
surface led to thicker film formation than those seen on just gold, with films being 250 and 150 nm 
thicker, respectively. Additionally, at a 90% surface concentration of Cu, a more pronounced effect was 
seen, with the films produced being thicker than those formed on pure copper. Higher coverages of Ag 
resulted in an opposite effect, wherein growth was limited when compared to the film with 60% Ag 
coverage. The different effects of Cu and Ag on polymer growth were attributed to the metals 
performing different roles in the polymerization system. At low concentrations of Ag, the active atoms 
may be spread apart and function as defect sites on the Au to initiate polymerization chemistry. In 
contrast, higher concentrations of Ag may facilitate the formation of densely packed ad-layers that 
effectively block the Au and thus prevent polymerization. The combination of Cu and Au may be 
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synergistic, however, with the former stabilizing methylidene units on the surface and the latter 
minimizing surface oxidation.  
In order to introduce polar functionality, Bai and Jennings later (2005) used Au surfaces to grow 
copolymers of diazomethane and ethyl diazoacetate.40 Ethyl diazoacetate did not polymerize on gold 
by itself, but up to 5% incorporation of the ester functional group was achieved in copolymerizations. 
Regardless, the film thickness varied linearly with ethyl diazoacetate concentration and films of up to 
nearly 800 nm were formed within 24 hours. The enhanced growth rate was attributed to a co-catalytic 
effect of ethyl diazoacetate intermediates complexed to gold near the growing chain. Further 
functionalization of the films was successfully achieved through post-synthetic modification as 
hydrolysis led to the formation of carboxylic acid groups on the surface41 and further transformation 
afforded derivatives that featured pendant amines.42 The carboxylic acid- and amino-functionalized 
films were found to be hydrophobic when neutral but became charged and hydrophilic when subjected 
to basic or acidic media, respectively.  
Gold has been successfully used to produce polymers from a number of diazoalkanes. In some 
cases, the polymers produced are unique and have not yet been synthesized through any other process 
(e.g., poly(butyl methylene)).36 The production of higher molecular weight polymers, as well as the 
successful homopolymerization of monomers containing polar functionalities, remain areas of 
opportunity. Considering that AuCl3 appears to undergo reduction in situ to metallic gold colloids, the 
use of derivatives that exhibit increased solubilities and/or facilitate catalyst formation may offer 
improved control over the polymerization reactions or provide insight into the underlying mechanisms. 
1.2.4 Palladium-Catalyzed Polymerizations 
In 2003, Inoue reported the first C1 polymerization using a homogenous palladium complex.43 
The study used diazoacetates as monomers, which had historically not been used due to strong 
complexation between the metal catalyst and the carbonyl group on the monomer. Methyl diazoacetate 
(1) and ethyl diazoacetate (2) were successfully polymerized using PdCl2 and pyridine or triethylamine 
in a mixture of DCM and toluene at 55 °C (see Figure 7). While the yields were quantitative, low 
molecular weights were seen with degrees of polymerization (DP) less than 10 as determined by SEC. 





Figure 7. Representative examples of Pd-catalyzed C1 polymerizations. 
The authors proposed an insertion mechanism for the polymerization similar to that seen for other 
diazoacetate/ metal systems (see Figure 8).43 Initiation occurs with a simultaneous nucleophilic attack 
by an amine on the α-carbon of the diazoacetate occurs and the release of N2 with formation of a new 
Pd–C bond. Propagation occurs through subsequent nucleophilic attack by another monomer, leading 
to the monomer being inserted into the Pd-C bond. Multiple methods of termination occur in these 
polymerizations and are determined by the catalyst used (vide infra). In the case of PdCl2-catalyzed 
polymerizations, it was proposed that two polymer chains growing on the same Pd center undergo 
reductive elimination to form a new C-C bond. The presence of amino groups on both ends of the 
polymer, as determined by matrix assisted laser desorption/ionization (MALDI) mass spectrometry 
supported this theory. 
 
Figure 8. Proposed mechanism for a Pd-catalyzed polymerization of a diazo compound. P = polymer. 
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Subsequently, Inoue, Ihara, and coworkers have worked extensively to expand the scope of 
monomers amenable to Pd-catalyzed C1 polymerizations (see Figure 9). In subsequent reports 
[PdCl2(MeCN)2] was used in lieu of PdCl2 because of its higher solubility. Additionally, higher yields 
and molecular weights were obtained when the reactions were performed at an elevated temperature 
(80 °C) and/or the amino additives were excluded. In the latter case, weak nucleophilic species present 
in solution such as MeCN or H2O were responsible for initiating the polymerizations. Under the 
aforementioned reaction conditions, monomers containing linear (11–15) or cyclic ketones (18–19), 
amides (21, 22), ferrocenyl groups (27, 52), and multiple diazo groups (25–27) were successfully 
polymerized.44-46 
 
Figure 9. Examples of diazo-containing monomers used in Pd-catalyzed C1 polymerizations. 
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Monomer structure, particularly for the ketone-containing derivatives, was found to greatly 
influence the quality of polymers formed using [PdCl2(MeCN)2]. For example, monomers 11 and 12, 
containing linear α,β-unsaturated diazoketones,  afforded polymers with molecular weights of 2.40 and 
1.74 kDa in approximately 37 and 63% yields, respectively.44 However, the diazoketones 14 and 15, 
which lacked the double bond, were found to be less active towards polymerization and yielded 
approximately 13 and 16%, respectively, of relatively low molecular weight polymers (up to 0.89 kDa). 
Similar effects were observed when cyclic diazoketones were polymerized with [PdCl2(MeCN)2]. 
While 18 was polymerized in approximately 24% yield and afforded a polymer with a molecular weight 
of 1.4 kDa, the saturated and aromatic analogs 16 and 17 did not undergo homopolymerization.46 
Monomers with bulky functional groups also retarded the activity of the [PdCl2(MeCN)2] catalyst. 
For example, subjecting the 3,5-disubstituted monomer 19 to the catalyst afforded a 9% yield of a 0.9 
kDa polymer whereas the 4,4-disubstituted monomer 20 was unreactive.46 The pendant phenyl group 
of 2-diazoacetophenone (13) also effectively hindered propagation as a polymer with a molecular 
weight of 0.42 kDa was obtained in 25% yield.44 Bulky diazoacetamides also showed a reduced activity 
towards polymerization. For example, low molecular weight polymers (up to 1.89 kDa) in yields of up 
to 11% were obtained when amides 21 and 22 were used as monomers.45 Analogues that featured 
relatively bulky substituents, such as N-isopropyl (23) or piperidinyl groups (24), did not undergo 
homopolymerization. 
To prepare relatively high molecular weight polymers, monomers that feature multiple diazo 
groups (e.g., 25, 26, or 27) were polymerized in the presence of a (monotopic) diazo compound (e.g., 
2, 11, or 12).47 For example, when 25 or 26 was copolymerized with 11 in increasing feed ratios, the 
molecular weights of the resulting materials were significantly higher (up to 50 kDa) than the values 
reported for the homopolymers of 11. At feed ratios exceeding 25%, the copolymers became insoluble. 
The formation of higher molecular weight and/or insoluble materials is consistent with the formation 
of crosslinked polymer networks.  
Elemental analysis of polymers prepared using ketone or amide containing monomers contained 
higher nitrogen contents than expected. This fact was attributed to the incorporation of azo groups into 
the polymer backbone, which was confirmed through the observation of characteristic Raman signal at 
1560 cm-1.48  The inclusion of azo groups into the polymer was thought to occur in a fashion similar to 
what is proposed with diazoacetates and alkyl aluminum compounds (see Figure 10).44 The azo content 
varied based on monomer employed, with linear diazoketones showing less than 5% incorporation 




Figure 10. Proposed pathway leading to the insertion of an azo functional group into a growing 
polymer chain. P = polymer. 
In an attempt to further improve molecular weights and yields of polymers, Inoue and 
coworkers experimented with a number of other Pd-based (see Figure 11). Palladium complexes 
supported by N-heterocyclic carbenes (NHCs) (e.g., [IMesPd(NQ)]2 (58) and [IPrPd(NQ)]2 (59), where 
NQ is naphthoquinone) were among the first catalysts reported after [PdCl2(MeCN)2].49 The 
corresponding polymerization reactions were performed by adding the monomer to a solution of the 
catalyst and either NaBPh4 or NaBArF4 (62 or 63, respectively) in THF at room temperature. 
Polymerizations were initiated through oxidation of the Pd(0) to Pd(II) through addition of borates. Use 
of the NHC catalyst led to isolation of polymers with molecular weights of up to 40 kDa in yields 
between 30-40% when ethyl diazoacetate49 or other diazoacetyl esters (3-7) were used as monomers.50 
Higher monomer to catalyst ratios had limited effects on increasing the molecular weight of the polymer 
produced, however, suggesting early termination was still occurring in the polymerization system. 
MALDI mass spectrometry data indicated the end-groups of the polymers were unsaturated, which was 
is consistent with early termination via β-hydride elimination. Regardless, use of carbene ligands led to 
improvements in molecular weights and purity, as no azo linkages were seen in the final polymer.  
When NHC ligands with bulky groups were paired with bulky monomers, poor catalyst  
performance was observed. When [IMesPd(NQ)]2 (58) was used as a catalyst, monomers with sterically 
large side groups, such as 1-adamantyl diazoacetate (5), afforded significantly lower yields of polymer 
(13%) and in lower molecular weights (3.6 kDa) than those obtained with comparatively less bulky 
monomers, such as n-hexyl diazoacetate (3) (68%; 26 kDa),.50 Additionally, polymers prepared using 
[IPrPd(NQ)]2 (59), which features bulky isopropyl groups near the metal center, were obtained in lower 
yields. For example, cyclohexyl diazoacetate (4) was polymerized in a 41% yield when 58 was used as 





Figure 11. Examples of Pd complexes that have been used to catalyze C1 polymerizations. 
More recently, the [Pd(η3-allyl)Cl]2 complex (60) was investigated as a catlyste for the 
polymerization of diazoacetates.51 In addition to being less bulky when compared to the aforementioned 
NHCs, the allylic ligand outperformed PdCl2, leading to improved molecular weights and the yields 
when compared to the latter. Using a 100:1 monomer-to-catalyst ratio, ethyl diazoacetate (2) and benzyl 
diazoacetate (6) afforded the corresponding polymers with molecular weights of up to 7.7 and 11.9 kDa 
and in yields of 75 and 66%, respectively. At larger ratios of  benzyl diazoacetate to catalyst, however, 
moleculare weights increased by diminishing amounts. Similar to the previous cases, the lack of a 
significant molecular weight increase was attributed to early chain termination. MALDI end-group 
analysis suggested that in addition to the expected protonolysis from quenching the polymerization 
reaction with acid, termination also occured through backbiting to form cyclic structures and the 
insertion of solvent. Even with a lack of control over termination, the allylic Pd catalyst afforded higher 
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molecular weight polymers than previously seen and was subsequently used to synthesize different 
types of functional polymers. 
Ihara and coworkers used the [Pd(η3-allyl)Cl]2 catalyst to prepare a series of polymers from 
bulky cyclophosphazene-based monomers (i.e., 8, 9, and 10).52 When 8 and the catalyst were dissolved 
in THF at room temperature, only dimer was isolated. However, by cooling the solution to -20 °C and 
adding NaBPh4, polymers with molecular weights of up to 13.8 kDa were isolated in yields of up to 
79%. Mass spectrometric analysis of the resulting polymers showed the presence of the expected phenyl 
and hydrogen end-groups from the initiation and termination (acid quenched) reactions, respectively, 
and signals stemming from cyclic backbiting or THF insertion were not observed. A linear relationship 
between the polymer molecular weight and monomer conversion was also seen. Collectively, the data 
were consistent with a controlled polymerization, where the bulky side groups prevented chain 
termination during propagation. Indeed, block copolymers were successfully synthesized by first adding 
a 20-fold excess of 10 to the catalyst to afford a polymer with a molecular weight of 5.4 kDa. After 
purification, the polymer was then added to a solution of 9 which, after 13 hours, yielded a block 
copolymer that exhibited a molecular weight of 25.0 kDa and a low polydispersity index of 1.15. 
A series of aryl diazoesters (54–57) were also polymerized using the [Pd(η3-allyl)Cl]2 /NaBPh4 
system.53 Adding monomer in a 100-fold excess relative to the catalyst afforded a polymer with a 
molecular weight of about 7 kDa and in yields exceeding 70% when the reactions were conducted for 
16 hours in THF at room temperature. Due to the fluorescent activity of the pyrenyl side chains, the 
polymer formed from 57 was further investigated for its optical. Compared to poly(1-pyrenylmethyl 
methacrylate), its C2 eiquivalent, the C1 polymer from 57 exhibited significantly enhanced π-π 
interactions due to the increased density of aromatic sidechains. The enhancement of these interactions 
led to increased excimer formation and thus may hold potential for use in optoelectronic applications.   
Both the [Pd(η3-allyl)Cl]2  and NHC-Pd catalysts were used to prepare alcohol-functionalized 
polymers which were soluble in water.54 Hydroxy-containing diazoacetates (28–32) were polymerized 
as the free alcohol and silyl-protected forms (33–37) to give polymers in yields up to about 60% and 
with molecular weights of ca. 8 kDa. While higher yields were generally obtained when the alcohols 
were protected, extra steps were required to add and remove the protecting groups. In addition to 
exhibiting good solubility in water, the polymer containing a pentyl ester chain (31) was found to 
display a lower critical solution temperature (LCST): when a 0.5 wt.% solution of the polymer in water 
was heated above 20 °C, the polymer rapidly precipitated from solution; subsequent cooling to below 
20 °C resulted in re-dissolution. The scope of these water-soluble polymers was subsequently expanded 
through the incorporation of ethylene glycol sidechains of varying lengths (38–43).55 The corresponding 
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C1 polymers exhibited higher LCSTs and ion conductivities than their corresponding C2 analogs, which 
was attributed to the higher densities of the pendant functional groups in the former. 
More recently, a series of fluorinated polymers were prepared from functionalized diazoacetate 
monomers, including partially fluorinated alkyl esters (44, 45) as well as monosubstituted (46–49) and 
disubstituted (50, 51) aryl esters.56  Trifluoroethyl diazoacetate (44) was polymerized using the [Pd(η3-
allyl)Cl]2 catalyst and afforded a polymer with a molecular weight of 18.8 kDa in yields of up to 65%. 
Solutions of the polymer displayed an upper critical solution temperature (UCST) in toluene, 
chloroform, and DMSO. Nonafluorohexyl diazoacetate (45) also underwent polymerization but was 
found to be insoluble as a homopolymer. The aryl esters 50 and 51 were polymerized using the same 
catalyst to give polymers with molecular weights that ranged from 4.6 to 13.6 kDa in yields between 
27 and 87%. In general, the polymers exhibited good solubilities in typical organic solvents, with the 
exception of those containing ortho-fluorine substituents (46 and 50), which were only soluble in 
DMSO. Several of these polymers were amenable to post-polymerization modification. For example, 
treatment of polymers of 49 or 51 with an amine led to the removal of the aryl groups and resulted in 
formation of the corresponding amides and/or imides.   
In 2017, a Pd catalyst with an amidinate ligand (61) was reported to afford polymers from ethyl 
diazoacetate with molecular weights of up to 45 kDa, albeit in isolated yields of 44%.57 Likewise, 
methyl diazoacetate (1) was also polymerized using this catalyst to afford polymers with molecular 
weights of up to 26.2 kDa in 56% yield. Polymers with molecular weights of nearly 98 kDa were 
obtained when bulky monomers (3 or 6) were employed but in yields of less than 10%. NMR signals 
recorded for polymers prepared using the amidinate catalyst were reported to be relatively narrow and 
attributed to a relatively high degree of ordered tacticity. The ability to prepare high molecular weight 
polymers with potentially high stereoregularity renders the amidinate-Pd system attractive for further 
investigation.   
Since 2002, a number of different palladium catalysts have been used to polymerize a wide 
variety of diazo compounds, including functionalized derivatives. While the molecular weights of the 
polymers produced using these catalysts are generally not as high as those obtained from B- or Rh-
catalyzed polymerizations (vide infra), the scope of amenable monomers is relatively large. Moreover, 
in many cases, the C1 polymers prepared using Pd catalysts have been shown to exhibit improved 
properties over their C2 analogs. An ability to synthesize polymers with high degrees of stereoregularity 
has also been demonstrated. Considering the breadth of Pd catalysts that are now commercially 
available, including those that contain chiral ligands, opportunities to further enhance the 
polymerization of diazo-based monomers may be within reach. For example, the development of 
20 
 
catalysts that resist early chain termination phenomena may facilitate access to a broader range of high 
molecular weight polymers. 
1.2.5. Rhodium-Catalyzed Polymerizations 
In 2006, de Bruin and coworkers reported a series of Rh complexes supported by 
cyclooctadiene and N,O-bidentate ligands (62–65) that catalyzed the polymerization of ethyl 
diazoacetate and enabled access to polymers with molecular weights that exceeded 100 kDa in 10-50% 
yield (see Figure 12).58 In general, the reactions were performed at room temperature for 14 hours. 
However, the polymer molecular weights were increased to 190 kDa when the reaction was conducted 
at -20 °C in chloroform for 7 days. For comparison, the same reaction afforded a polymer with a 
molecular weight of 133 kDa when conducted at room temperature in only 14 hours, yet the yields of 
the two reactions were similar (45-50%). The high molecular weights of the polymers produced may 
be due in part to a relatively low initiation efficiency (~3%) and the yields may be affected by the 
competitive formation of low molecular weight species (e.g., dimethyl maleate or fumarate and 
oligomers).59 
Figure 12. Examples of Rh complexes that have been used to catalyze the polymerization of ethyl 
diazoacetate. bz = benzyl group. 
Remarkably, the polymers prepared using Rh were isolated as white solids instead of viscous 
oils as often obtained from other catalysts. Furthermore, the polymers produced from ethyl diazoacetate 
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using Rh-based catalysts appeared to be stereoregular and exhibited relatively sharp NMR signals when 
compared to spectral data recorded for polymers prepared using other catalysts.58 The stereochemistry 
of the polymers was determined to be syndiotactic based on comparisons with isotactic poly(dialkyl 
fumarate)s.59, 60 Differential scanning calorimetry (DSC) analysis of the polymers revealed distinct 
phase changes at 100 and 75 °C upon heating and cooling, and further studies demonstrated that these 
signals were due to a transition between semi-crystalline and liquid-crystalline (LC) states.61 The LC 
phase was reported to originate from the self-assembly of the polymers into rigid rod-like aggregates 
that adopted triple-helix structures, as determined by scanning tunneling microscopy (STM), wide and 
small angle X-ray scattering (WAXS and SAXS), and solid state NMR spectroscopy.62 
Subsequent work was directed toward optimizing the catalyst to increase the yields of high 
molecular weight polymer. Although variation of the N,O-donor ligand on the catalyst did not appear 
to exhibit a significant effect on the molecular weight or polydispersity of the polymer produced, 
catalyst 62, which was supported by an l-proline-based ligand, afforded substantially higher yields than 
other catalysts.59 These results indicated that the N,O-ligand may play a key role in forming the active 
catalyst, but may not be involved in mediating propagation as it may undergo dissociation during the 
initiation process. The diene ligand (e.g., 1,5-cyclooctadiene), however, appeared to remain ligated to 
the Rh center during the polymerization and influenced the reaction. For example, when the 1,5-
cyclooctadiene ligand was replaced with dicyclopentadiene (i.e., conversion of 62 to 66), a polymer 
with a relatively high molecular weight of 540 kDa was obtained in a yield of 30% under otherwise 
identical conditions. The use of norbornadiene-based catalyst 67 gave a polymer with a molecular 
weight of 350 kDa in 5% yield.  
An even greater enhancement was achieved through the use of a more sterically hindered ligand, 
1,5-dimethyl-1,5-cyclooctadiene, as yields of up to 80% and polymers with molecular weights of up to 
670 kDa were obtained with catalyst 68.63 In order to achieve higher molecular weights and yields, 
however, dry samples of the catalyst had to be aged in an oxygen environment for up to 40 days. When 
freshly prepared catalyst 68 was used to polymerize ethyl diazoacetate, the yields of the polymer were 
30% with an additional 35% of low molecular weight oligomer being collected. Reactions using the 
aged catalysts on the other hand produced almost no olefinic dimers and substantially less oligomer. 
Further studies were conducted to ascertain the effect of ageing. When samples of freshly prepared and 
aged catalysts were examined using NMR spectroscopy, it was determined that the former featured two 
diastereomers whereas the latter was comprised almost entirely of one diastereomer. Moreover, electron 
paramagnetic resonance (EPR) studies of the aged catalyst revealed the presence of a Rh-oxo complex 
which was designated as the reaction product between oxygen and the ‘missing’ diastereomer. 
Subsequent analysis by electrospray ionization mass spectroscopy (ESI-MS) revealed that cationic 
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[(2,6-dimethyl-cycloocta-2,6-dien-1-yl)Rh(III)OH] is the active polymerization catalyst and its 
formation was deciphered through a series of DFT calculations.64 
The formation of side products in the Rh-catalyzed polymerizations of ethyl diazoacetate was 
investigated through a series of kinetic studies. In situ NMR analyses of polymerizations using 62 
showed that 75% of the monomer had been consumed within 1 hour.59 Hence, it was concluded that 
dimer and oligomer production may occur early in the reaction, and that formation rates approach zero 
within a relatively short period of time. After the first hour, only high molecular weight polymer is 
formed, albeit at a relatively slow rate, until the monomer is consumed. Collectively, these results 
indicate that two separate species may be operative: one is relatively active and leads to the formation 
of olefin and oligomer before deactivating, and the other is less active, yet affords stereoregular, high 
molecular weight polymer.  
Several studies were subsequently conducted to further investigate the initiation, propagation, 
and termination mechanisms of Rh-catalyzed polymerization reactions of diazo compounds.59, 64-67 End-
group analysis was performed using MALDI mass spectrometry of oligomeric products obtained from 
the polymerizations of ethyl diazoacetate with various Rh catalysts.67 The high molecular weight 
products proved challenging to analyze due to their broad molecular weight distributions and large sizes, 
so oligomers were used as models. The primary end-groups detected were hydrogen atoms and alkoxy 
groups along with a small fraction of unsaturated termini. The presence of the alkoxy end-groups was 
attributed to initiation through insertion of a monomer into the Rh-OR bond of the activated catalyst.64 
In contrast, the hydrogen termini were ascribed to protonolysis due to adventitious water or alcohols 
(solvent stabilizers) present in the reaction mixture. The observation of olefinic end-groups was 
consistent with a termination process that involved β-hydride elimination, which may occur 
preferentially in low molecular weight oligomers. Based on these results, it was surmised that different 
termination mechanisms may be operative and stem from the formation of different active Rh-based 
species. In the case of polymerizations catalyzed by oxidized samples of 68, β-hydride elimination was 
not observed and thus chain termination may occur primarily via protonolysis.64 The lack of β-hydride 
elimination paired with the substantial decrease in oligomers formed further supports the hypothesis 
that two active species are present wherein one affords high molecular weight polymer and the other 
facilitates oligomerization. 
Density functional theory (DFT) calculations were also performed to investigate the 
propagation step using a neutral [(cyclooctadiene)Rh(I)(polymeryl)] complex as the catalyst, methyl 
diazoacetate as the monomer, and a trimeric oligomer of methyl diazoacetate as a model for a growing 
polymer chain (see Figure 13).59 From the computational data it was proposed that propagation begins 
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with methyl diazoacetate coordinating to a Rh center attached to a polymer, similar to the mechanism 
proposed for the Pd-catalyzed diazoacetate polymerizations. Subsequent loss of nitrogen leads to the 
formation of a carbene bound to the Rh center and insertion of the carbene into the growing chain 
completes the propagation step, with a β-carbonyl coordinating to the Rh center to form a catalytic 
resting state. Stereoregulation was proposed to proceed in a chain end control manner and may stem 
from steric effects between the incoming monomer and the polymer chain attached to the metal center. 
 
Figure 13. Proposed mechanism for the insertion of methyl diazoacetate into a growing polymer 
chain. P = polymer.  
Subsequent calculations were performed using similar monomer and polymer chain models but 
with cationic [(2,6-dimethyl-cycloocta-2,6-dien-1-yl)Rh(III)(polymeryl)] as the active catalyst.65 While 
the coordination, carbene formation, and insertion steps of the polymerization mechanism remained 
fundamentally similar to those described above, key details were gleaned from the data. The energy 
barrier for β-hydride elimination was found to be higher than that of propagation or protonolysis, which 
was in good agreement with experimental results. Additionally, significantly reduced propagation rates 
were calculated when monomer was inserted in an isotactic configuration which effectively explains 
the formation of polymers with high syndiotacticities. The deactivation may also explain the low 
initiation efficiencies since non-syndiotactic oligomers formed during the early phases of the reaction 
may grow relatively slowly when compared to their syndiotactic analogues. 
Efforts have also been directed toward the homopolymerization of diazomethane as well as the 
copolymerization of diazomethane and ethyl diazoacetate using various Rh catalysts.68 Treatment of 
diazomethane with Rh-diene catalysts 62 or 68 yielded primarily ethene, a product of dimerization, as 
well as low molecular weight oligomers (DP ≈ 6) of poly(methylene). NMR analysis of the oligomers 
revealed that the expected methyl end-groups existed in a 1:1 ratio with terminal olefins. The large 
concentration of unsaturated end-groups as well as the low degree of polymerization were consistent 
with rapid chain termination of the growing polymer via β-hydride elimination. Copolymerizations of 
diazomethane and ethyl diazoacetate were successful, although the high rates of β-hydride elimination 
required that the diazomethane be added 10 minutes after the polymerization had been initiated. Indeed, 
gradual addition of diazomethane afforded copolymers with greater incorporation of methylene, albeit 
with relatively low yields and molecular weights. Regardless, copolymers with compositions between 
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4 and 26 mol% of methylene were reported, and polymers with molecular weights of up to 250 kDa 
were obtained in yields of up to 29%. The slow addition of diazomethane prevented the formation of 
large blocks of poly(methylene), which are prone to termination as described above. Such strategy led 
to polymer architectures that were characterized as “blocky” and featured randomly dispersed, 
relatively short homopolymeric segments of ethyl 2-ylideneacetate (EDA) and methylene units. At 
ratios of diazomethane to ethyl diazoacetate greater than 1:4, poly(methylene) contents of up to 80 mol% 
were achieved although the molecular weights were found to be ≤ 1 kDa and the yields were < 10%. 
Poly(EDA-co-methylene)s with molecular weights of up to 350 kDa were obtained when 
copolymers were prepared from mixtures of ethyl diazoacetate and dimethyl sulfoxonium methylide 
ylide.69 Homopolymerizations of the ylide using 62, 66, or 67 as a catalyst afforded polymers with 
molecular weights of up to 4 kDa and in yields of up to 77%. When the ylide was added to an ongoing 
polymerization of ethyl diazoacetate, high molecular weight block copolymers of up to 648 kDa were 
formed with poly(methylene) contents of up to 58 mol%. The highest yield (18%) of polymer was 
obtained when the sterically congested Rh-diene 69 was used to polymerize a 1:1 mixture of dimethyl 
sulfoxonium methylide ylide and ethyl diazoacetate. The copolymers produced from these reactions 
exhibited a structure that consisted of a block of syndiotactic poly(EDA) connected to a block of 
primarily poly(methylene), as determined from DSC and NMR spectroscopy. 
Rh-catalyzed polymerizations of diazo compounds produce the largest ester-functionalized C1 
polymers to date. Moreover, steady improvements to the catalyst design have increased the molecular 
weights and yields of the polymers produced. Additionally, Rh-based catalysts often afford C1 
polymers with regular tacticity. The high molecular weights and high stereoregularity should give rise 
to polymers that exhibit a range of attractive properties, including self-assembly characteristics and 
abilities to adopt unique morphologies.62 While a variety of monomers have been used in Rh-catalyzed 
polymerizations, further exploration of different catalyst/monomer combinations could greatly expand 
the scope of the polymerization chemistry. Additionally, the mechanistic details that have been gathered 
thus far may lead to the development of catalysts that provide new isotactic and/or syndiotactic 
polymers, or controlled mixtures thereof. 
1.3 C1 Polymerizations That Utilize Ylide Monomers  
In 1966, it was reported that alkyl boranes could be extended by one methylene unit through the 
addition of stoichiometric amounts of dimethyloxosulfonium methylide.70 Homologation was thought 
to occur through complexation of the methyl ylide to the boron followed by migration of an R group to 
the ylide and release of DMSO, in an insertion process similar to diazoaceate polymerizations seen 
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above (figure 14). In addition to the homologated product, which was collected in about 70% yield for 
various alkyl boranes, doubly and triply homologated products were also isolated in about 25 and 5% 
yields, respectively.   
Figure 14. Complexation and insertion of dimethyloxosulfonium methylide into a borane. 
Shea was the first to utilize the borane mediated homologation of ylides to make poly(methylene) 
in 1997, a reaction which he termed “polyhomologation”.71 Polyhomologation was achieved by simply 
increasing the ratio of ylide to borane in the solution, and when run in THF at 40 oC complete conversion 
was seen in 10 minutes. Some precipitation was seen during the reaction, however, attributed to the 
relatively low solubility of large (n > 30) alkanes in THF. Because of the precipitation, higher PDI 
values were observed than what was expected. Repeating the reactions in heated (70 – 80 oC) toluene 
fixed the solubility issues and led to the polymerization of the ylides in a living manner. Poly(methylene) 
synthesized in this manner had D.P. values incredibly close to the expected values (i.e. expected D.P. 
50, 117, and 232; found D.P 48, 108, 231) and low PDIs (1.04 – 1.17).72  The living nature of this 
polymerization was proven through the formation of block copolymers, with perdeuterio 
dimethyloxosulfonium methylide being incorporated into the poly(methylene) after an aliquot of 
dimethyloxosulfonium methylide was already polymerized.  
The aforementioned polymers contained alkyl and hydroxyl endgroups do to the use of triethyl 
borane as a catalyst and sodium hydroxide or hydrogen peroxide as a quenchant.71 Through the use of 
various other organoborane catalysts synthesized through the hydroboration of their alkene precursors, 
polymers were readily synthesized with a variety of  endgroups. Of particular interest are those 
containing fluorescent aryl groups, biologically active molecules, amines, poly(ethylene glycol) spacers, 
and olefins.73, 74 -functionalization can also be achieved by reacting the tris(polymethylene) boranes 
with various organic reagents to produce end groups such as hydrogen, amines, halogens, and carbon-
metal bonds.10  
Use of -, as well as -, functionalization has been used to create poly(methylene) with varying 
topologies using relatively mild conditions. Reaction of tris-poly(methylene) borane with 
dichloromethyl methyl ether in a basic solution followed by  oxidation led to the formation of a 3-star 
poly(methylene) polymer with tunable -group and an alcohol at the core.75   The use of bridged 
cyclooctane and adamantly boranes were utilized to grow a polymer which contained 2 and 3 
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poly(methylene) chains anchored to the same organic core.75, 76  Cyclic poly(methylene) was created 
through post polymerization oxidation of poly(methylene) grown using a hexyl bridged thexylborocane 
catalyst.77 
Another use of end group functionalization has been in the synthesis of block copolymers. This has 
been achieved both by using poly(methylene) as a macroinitiator as well as growing poly(methylene) 
from macroinitiators.  Poly(styrene), poly(ethylene glycol), and poly(dimethyl siloxane) have all been 
utilized as macroinitiators for polyhomologation, with the polymers first being outfitted with alkene 
endgroups which were subsequently transformed into boranes through hydroboration.78, 79 This led to 
the formation of di-block copolymers which were subsequently shown to have unique properties as 
compatibilizers. Triblock copolymers were also made from a poly(dimethyl siloxane) containing thexyl 
borane initiator, which was oxidized after polyhomologation to produce the final triblock.80 These 
triblock copolymers were found to form nanodisks in room temperature solutions due to the insolubility 
of the poly(methylene) blocks. On the other hand, poly(methylene) was utilized as a macroinitiator for 
ATRP by esterification of  the polymer’s alcohol endgroup with bromoacetate. This macroinitiator was 
subsequently used in the ATRP of styrene to produce block copolymers with low PDI’s, however 
conversion of styrene was below 70%.81 
Polyhomologation provides access to poly(methylene) with controlled molecular weights and 
extremely low PDIs.  In addition to this, vast control over endgroup functionalization and topology of 
the final polymer is possible through the appropriate choice of organoborane catalyst and work up 
method. This has allowed for the synthesis of poly(methylene) containing endgroups which can 
potentially be used in a number of fields. Additionally, end group functionalization allows the facile 
creation of copolymers. The primary setback to polyhomologation is that to date, only 
dimethyloxosulfonium methylide has successfully been homopolymerized. A number of copolymers 
with ethyl and cyclopropyl ylides have been reported, but due to steric crowding around the boron center, 
every other group in the polymer chain must be an unsubstituted methylene group.82, 83 If a workaround 
could be found for polymerizing substituted ylides in a controlled manner similar to methyl ylides, 
polyhomologation could prove to be one of the most important modern polymerization techniques.  
 
1.4 Stoichiometric C1 Polymerizations 
To date, the only C1 polymerization to utilize a carbene precursor and a group I or II metal was 
reported by Inoue and coworkers in 2006.84 Stoichiometric quantities of Mg in THF were used to 
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polymerize α,α-dibromotoluene (70) or α,α-dichlorotoluene (71) (see Figure 23). Relatively optimal 
results were obtained when a six-fold excess of Mg was used and the reaction temperature was slowly 
increased from 0 to 55 °C. Polymers were obtained in yields of up to 53% under these conditions and 
their molecular weights ranged from 0.7 to 1.1 kDa. Elemental analysis of the polymers revealed higher 
C : H ratios than expected, and indicated that loss of hydrogen may be occurring during the 
polymerization reaction. Indeed, olefins were detected in the polymer backbone via UV-Vis 
spectroscopy and confirmed through the addition of Br2. 
 
Figure 15. Generalized example of “Grignard-like” C1 polymerization of geminal dihalides. 
The mechanism proposed for these polymerizations begins with a reaction between the Mg and 
the monomer (see Figure 24). The α-carbon of the resulting Grignard-like reagent then acts as a 
nucleophile and attacks another monomer in a manner that results in the formation of a C–C bond while 
releasing MgX2. The two remaining halogens on the resulting dimer species are then available to form 
another nucleophilic species or may undergo attack by a Grignard-like species in solution, either of 
which effectively add monomer to the growing chain. A mechanism was also proposed for the 
observation of olefins in the resultant polymers. The high acidity of the benzylic groups on the 






Figure 16. Proposed mechanism for Grignard-like C1 polymerizations of germinal dihalides 
Geminal trihalides, which can be viewed as precursors to carbynes, species that formally 
contain a neutral carbon atom with three unpaired electrons, have also been used as monomers in several 
reductive C1 polymerizations. In general, the monomers are reduced in solution, leading to the 
conversion of C-X bonds to C-C bonds, with the additional production of small molecule byproducts, 
generally MX (Figure 25). Two of these new carbon-carbon bonds form the backbone of the polymer, 
with the third bond determining the polymer’s structure. The final bond can either be a  bond to a third 
monomer, creating a sp3 network polymer, or a  bond to one of the other adjacent monomers, forming 
a highly unsaturated backbone. While the potential variance in structure is unique and interesting, very 
few reports exist on these so called “poly(carbyne)s. These reports mostly focus on synthesis and use 
of these polymers in materials chemistry. An in depth summary of these reports will be given in the 
introductions of the next two chapters.  
 
Figure 17. General reaction scheme for poly(carbyne) synthesis 
1.5 Conclusions and Perspectives 
Since the 1950s, a number of synthetic strategies have been developed for C1 polymerizations. 
Many of such reactions are promoted by metals and commonly utilize either diazo- or isocyanide-
containing monomers. Initial work explored the polymerization of diazoalkanes using Cu and Au. 
While a number of different monomers were polymerized using these metals, fine control over the 
corresponding reactions was not achieved and the polymerization of monomers containing polar side 
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groups remains a challenge as does accessing high molecular weight polymers. More recent studies 
have focused on the use of Pd- and Rh-based catalysts, both of which have been shown to polymerize 
diazoacetates. Since the polymerization of a relatively large library of functionalized monomers using 
Pd has been established, current efforts appear to be focused on realizing catalysts that facilitate control 
over the polymerization chemistry and afford materials in high yields, high molecular weights, and with 
high stereoregularity. In comparison, Rh has been primarily used to polymerize ethyl diazoacetate and, 
more recently, copolymers with methylene. Such catalysts have also provided high molecular weight 
polymers and offer excellent control over stereochemistry. Finally, the polymerization of isocyanides 
has most frequently been conducted using relatively simple Ni salts, which may be because such 
complexes offer a relatively straightforward means to access polymers that adopt higher-order (i.e., 
helical) structures. However, isocyanides have been polymerized in a controlled fashion using a variety 
of Ni, Pd and Rh complexes. The relatively few reports on metal-promoted carbyne polymerizations 
have revealed that the polymer produced may be strongly dependent on the reaction conditions 
employed. 
Compared to conventional C2 polymerizations, C1 polymerizations provide an alternative 
synthetic strategy to access a wide range of polymeric materials, including persubstituted derivatives. 
Polymers synthesized through C1 polymerizations can feature a high density of functional groups and, 
as such, often display chemical and physical properties not seen in C2 polymer analogs. Moreover, 
some polymers, such as those derived from isocyanides, can adopt helical structures and thus be used 
to control features that range from solid-state morphology to optoelectronics. The backbones of the 
poly(carbyne)s described above are apparently sufficiently rich in sp3-hybridized carbons such that they 
can be converted into diamond-like carbons, and thus offer potential for accessing new classes of high-
performance materials that display excellent mechanical and/or thermal properties. 
While a foundation has been laid and an understanding of the scope and mechanistic pathways 
for some metal-promoted C1 polymerizations have been established, opportunity abounds. Early 
termination and chain transfer processes continue to challenge the polymerization of diazo compounds 
when catalyzed by metal complexes, and the realization of a catalyst that enables fine control could be 
transformative. The organometallic chemistry of Au and Cu has flourished recently and lessons learned 
from those studies may offer new classes of catalysts for polymerizing diazoalkanes and other 
monomers. Although controlled isocyanide polymerizations have been developed, the number of 
reports that have capitalized on such advances are relatively few. Indeed, homo- and copolymers 
derived from isocyanides and capable of adopting tunable conformations are now accessible and it may 
prove interesting to study the performance of such types of materials in various applications. 
Poly(carbyne)s represent the least studied class of C1 polymers as only a few examples exist in literature. 
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While such polymers have been used as precursors for carbon materials, a deeper understanding of the 
underlying polymerization mechanism(s) may enable control over the architecture and molecular 
weight of the polymers produced and/or facilitate their transformation into high-value materials. 
Currently, only four chemicals have been utilized as monomers in these reactions, yet a broad range of 
other germinal trifunctionalized compounds are known and theoretically should be amenable to 
polymerization. The development of a catalytic variant, potentially in conjunction with a sacrificial 
reductant, may also be worthy of investigation. It is because of this that further research into synthesis 
of poly(carbyne)s through reductive C1 polymerization was deemed worthy. Specifically, we sought to 
optimize synthetic strategies, probe the variety of monomers prone to these polymerizations, and 
mechanistically investigate their polymerization mechanism. We hope that these efforts will lay the 
groundwork for future work in seeking the controlled synthesis of persubstituted poly(carbyne)s, whose 
unique structures could provide utility in many fields.  
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Chapter 2: Optimization of Poly(phenyl 
carbyne) Synthesis and Characterization 
2.1 Introduction 
While a number of poly(carbyne)s exist in the literature, poly(phenyl carbyne) was the first to 
synthesized and has received the most attention. Additionally, it was previous reports on poly(phenyl 
carbyne) that sparked interest in this project. To date, a number of reductants and techniques have been 
used in the synthesis of aryl poly(carbyne)s. This work has been performed primarily by two groups, 
initially by Kryazhev and Brodskaya,1, 2 and more recently by Visscher and Bianconi3-5. While both 
groups produced unique poly(carbynes) using parallel synthetic techniques, both produced poly(phenyl 
carbyne) from trichlorotoluene (TCT).  Interestingly, the two groups came up with differing 
structures for poly(phenyl carbyne) with Brodskaya reporting a linear polymer with an unsaturated 
backbone and Bianconi reporting a network polymer with a branching sp3 backbone.  While synthetic 
details are given in both cases, no extensive attempt at optimization of the polymerization was reported.  
 The first reports of poly(carbynes), which were at the time referred to as poly(methine)s, were 
by Kryazhev and Brodskaya.1 Initially, the polymers were prepared by adding excess Li (3.16 
equivalents) to a 1 M solution of TCT in THF. The reactions were conducted at room temperature and 
produced a dechlorinated material, termed poly(phenyl methine), in 85% yield after 5 hours. The 
molecular weight of the polymer was determined to be 8 kDa by vapor phase osmometry (VPO). Lower 
temperatures (-7 oC) and shorter reaction times were seen to produce lower molecular weights and yields, 
as well as polymer with higher contents of unreacted chlorine, though no other experimental conditions 
were reported. Characterization of the polymer structure was primarily done though IR (infra-red) 
spectroscopy. In addition to the expected bands from benzene rings at 1445 and 1495 cm-1, additional 
signals were reported at 1000-1300, 1680 and 1720, and 2800-3000 cm-1, which were attributed to C-
O-C, C=O, and C-H vibrations, respectively, occurring from addition of THF into the polymer. Proof 
of an unsaturated backbone came from a comparison of UV-Vis spectra of the polymer to that of 
thermally polymerized poly(diphenyl acetylene)6, where the poly(phenyl methine) displayed some 
absorption at higher wavelengths (~500 nm) than the poly(diphenyl acetylene) (<500 nm). From this 
comparison, it was concluded that larger conjugated chains must exist in the poly(phenyl methine) than 
the poly(diphenyl acetylene) for such a bathycrhormic shift to exist. Electron paramagnetic resonance 
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spectroscopy of the poly(phenyl methine) showed a narrow singlet corresponding to a concentration of 
1017 - 1018 spins/g. 
A subsequent report by Kryazhev investigated the polymerization of TCT using Mg and Zn as 
reducing agents.2 These reactions were performed by adding the TCT dropwise to an already refluxing 
mixture of THF and reductant. Reduction of TCT by Mg yielded polymers with molecular weights and 
yields that were comparable to those generated from the reduction of TCT by Li, while reduction with 
Zn gave substantially lower molecular weights (0.85 kDa) at a yield of 70%.  IR spectra of the 
poly(phenyl methine) synthesized using Mg was identical to that made using Li, while polymer formed 
using Zn contained several new peaks.  A broad background peak between 700 and 1800 cm-1 in the 
polymer prepared with Zn was attributed to a branched, polyconjugated backbone, with additional peaks 
at 1600 and 1620 cm-1 confirming the presence of C=C in the backbone. Kryazhev remarks that these 
vibrations are inactive in polymers generated using Li or Mg due to high symmetry across the double 
bond. EPR and Uv-Vis spectra from the poly(phenyl methine) generated using Mg and Zn both 
appeared identical to the previously reported spectra for the polymer synthesized using Li. Additionally, 
newly reported H-NMR (proton nuclear magnetic resonance) spectra of the polymer were reported to 
show a single broad signal between 6.5 – 7.5 ppm, indicative of the phenyl pendant groups. The signal 
observed was the same regardless of the choice of reductant, and also identical to spectra of 
poly(diphenyl acetylene).  
The first use of the term “poly(phenyl carbyne)” came from Bianconi in 1993 when they 
prepared the polymer from TCT using NaK amalgam as a reductant.3  Using an adapted procedure 
originally developed to produce network alkyl silane polymers, the TCT was reduced with assistance 
of an ultrasonicator in an inert atmosphere.7  3 equivalents of a NaK (1 : 1 molar ratio) amalgam were 
suspended in THF using an ultrasonic immersion horn. To the sonicated suspension, a solution of TCT 
in pentane was slowly added over 20 minutes.  After an additional 20 minutes, quenching with water 
and subsequent reprecipitation from THF into methanol and ethanol gave a 25% yield of poly(phenyl 
carbyne) with a molecular weight of 3 kDa, as determined by gel permeation chromatography (GPC) 
using a poly(styrene) standard. Despite NaK amalgam having a lower reduction potential than Li, the 
reaction proceeds much faster with NaK amalgam as it is dispersed in THF which greatly increases the 
surface area of reactive material. IR spectra of poly(phenyl carbyne) show peaks attributed to phenyl 
ring stretches similar to those reported by Kryazhev, as well as aliphatic C-H streteches (2930 cm-1) 
attributed to THF incorporation. IR spectra lack any signal indicative of either C=C stretching (1640- 
1650 cm-1) or phenylene structures (730 – 830 cm-1) demonstrating the lack of both unsaturation in the 
backbone as well as crosslinking between rings.  Further proof than the poly(phenyl carbyne) contains 
a branched sp3 backbone rather than an unsaturated backbone, as reported by Kryazhev, comes from the 
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13C CP-MAS NMR (13C Cross Polarization Magic Angle Spin Nuclear Magnetic Resonance)spectra of 
the polymer.  In addition to two broad peaks at 140 and 125 ppm arising from the phenyl rings, an 
additional broad peak is seen centered at 51 ppm indicative of a quaternary sp3 carbon. This peak was 
attributed to the backbone of the polymer, and was consistent with a branched network polymer. When 
the polymer was prepared using TCT with an enrichment of 13C in the alpha position, which should 
increase the signal amplitude of the polymer backbone, only the signal at 51 ppm was seen to increase, 
further supporting the lack of C=C in the backbone. It was seen, however, that slower additions of TCT 
to the NaK/ THF suspension did lead to some double bond formation according to IR spectroscopy.  
Since poly(phenyl carbyne) generated from TCT has been reported from several different 
sources, it was deemed a good place to start further investigation into poly(carbyne)s in general.  This 
is due both to the discrepancies in reported structure, as well as the lack of a rigorous optimization. We 
felt that the synthetic strategies employed by Kryazhev, with polymerization occurring by the reduction 
of TCT in THF by solid metals, were the optimal starting point. This procedure is both simpler and 
safer, not requiring the use of a probe sonicator in an inert atmosphere or the handling of highly 
pyrophoric NaK amalgam, making both optimization of poly(phenyl carbyne) synthesis as well as any 
other future poly(carbyne) synthesis easier to perform. Additionally, we thought further structural 
investigation of the polymers synthesized by the methods of Kryazhev using modern techniques (C-
NMR, GPC) were worthwhile, to determine whether choice of reductant actually leads to structural 
differences or if the polymers were mischaracterized. Work in this chapter focuses on first optimization 
of the synthesis of poly(phenyl carbyne), and secondly an in depth structural and chemical analysis of 
the polymer.  
2.2 Results and Discussion 
The first step in the investigation was to prepare poly(phenyl carbyne) using the initial 
experimental conditions given by Brodskaya1, with a 3.16 eq. of Li being added slowly to a 1 M solution 
of TCT in THF under an Ar atmosphere. Immediately upon addition, the solution began to turn black, 
and Li addition had to be spread out over the course of about 30 minutes to prevent excessive heating. 
Once all Li was added, the reaction was allowed to react for 24 hours at room temperature. Methanol 
was then added slowly to quench the remaining lithium. Once no metallic lithium remained, the solution 
was dried under vacuum, redisolved in minimal amounts of THF, and reprecipitated in methanol twice 
followed by hexane twice. The final mixture was centrifuged and the solvent decanted, then the 
remaining reddish-brown solid was dried under vacuum at 70 °C. These initial conditions led to 
formation of a 0.77 kDa polymer in 58% yield, as determined by GPC using a conventional calibration 
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versus a poly(styrene) standard (table 1). The reaction was repeated using the same equivalence of Na, 
which yielded a slightly larger polymer (0.97 kDa) in a lower yield of 47.3%. Poly(phenyl carbyne) 
was also synthesized using Mg and Zn according to the procedures of Kryazhev.2 In these experiments, 
TCT was added dropwise to a refluxing solution of THF with 2.3 eq. of the reducing metal. After 24 
hr., the solution was quenched with MeOH and worked up in the manner mentioned above.  Use of Zn 
lead to isolation of a polymer with a molecular weight of 1.07 kDa in a 22% yield while Mg produced 
a polymer in 60% yield with a low molecular weight of 0.24 kDa.  
Table 1. Effect of Monomer Concentration on Synthesis of Poly(phenyl carbyne)a 
Concentration (M) Yield Mn (kDa) PDI 
2 39% 1.28 2.26 
1 78% 0.77 2.53 
.5 30% 0.91 1.74 
.25 27% 0.29 1.78 
aConditions: 5 mmol trichlorotoluene, 17.5 mmol Li, 24 Hrs. @ R.T. 
Since Li provided the highest polymer yields of the 4 reductants, it was chosen for further 
optimization. Optimization began by first varying the concentration of TCT from the previously 
reported 1M value (Table 1). While higher molecular weights could be obtained using a 2M monomer 
concentration, substantially higher yields were obtained when reactions were performed using a 1M 
initial monomer concentration. Likewise, reactions with monomer concentrations of 0.5 M or lower 
provide substantially lower yields than those run at 1 M. Further improvements in yield and molecular 
weight were seen when the reaction was run at 70 °C (Table 2). Additionally, reactions reached 












Yield Mn (kDa) 
25 
12 52% 1.09 
24 38% 1.06 
36 54% 0.81 
70 
1 42% 1.27 
3 55% 1.12 
6 61% 2.16 
12 58% 2.48 
12b 85% 4.10 
24 50% 2.39 
36 57% 2.22 
aConditions: 5 mmol trichlorotoluene, 17.5 mmol Li, 5 mL THF b Conditions: 5 mmol trichlorotoluene, 30 mmol Li, 5 mL 
THF 
Since higher yields and molecular weights were seen at elevated temperatures, it was 
hypothesized that even higher reaction temperature would further improve these values. Unfortunately, 
further increases above 70 oC would lead to high pressure reactions if THF was used. In order to test 
the effects of temperatures above the boiling point of THF, two higher-boiling ethers were employed 
as solvents (Table 3). Reactions were carried out in dioxane and dibutyl ether near their boiling points 
at 100 and 140 °C, respectively. Even at higher temperatures, these solvents proved less effective than 
THF, giving lower yields and molecular weights. In the case of dibutyl ether, no precipitate was seen, 
with the only isolated product being a brown oil. These results highlight the importance of solvent 
choice in these polymerizations.  This fact was further solidified by the lack of a reaction observed 





Table 3. Effect of Solvent on Synthesis of Poly(phenyl carbyne)a 
Solvent System Temperature (C°) Yield Mn (kDa) 
THF 70 58% 2.48 
Dioxane 100 43% 0.62 
Dibutyl Ether 140 Oligomeric 
Neat 25 N.R. 
a 5 mmol trichlorotoluene, 17.5 mmol Li, 5 mL Solvent, 12 hrs. @ 70 °C 
Throughout the course of the reaction, it was observed that a large amount of metallic Li 
remained in the reaction until quenching.  Additionally, this Li was coated in a black film, presumably 
made of the poly(carbyne) and precipitated LiCl.  In order to increase the amount of Li that is able to 
react before film formation, 6 equivalents were added instead of 3.5.  The additional Li led to an increase 
in yield and Mn from 58% to 85% and 2.48 to 4.10 kDa, respectively. Thusly, the optimized procedure 
for the polymerization of trichlorotoluene was found to be the addition of 6 eq. of Li to a 1 M solution 
of trichlorotoluene in THF which is subsequently heated to 70 °C for 12 hours. 
The 1H-NMR spectra of poly(phenyl carbyne) synthesized using the aforementioned procedure 
displays a characteristic broad peak between 6.5 and 7.5 ppm as seen in spectra of poly(phenyl carbyne) 
synthesized using other methods (Figure 1).2-4  Additionally, however, several peaks are seen between 
0.5 and 2.5 ppm, even after extensive purification and drying. These are likely due to the incorporation 
of THF into the polymer, which is reported previously for poly(phenyl carbyne).4  The 13C-NMR spectra 
shows the two reported broad aromatic peaks at 140 and 128 ppm (Figure S1).4 Additionally, narrow 
peaks are seen at 67, 32, 23, and 14 ppm, which corresponds to the incorporation of THF and alkyl 
groups into the polymer, potentially as end groups added during quenching. No peak from the backbone 
carbon can be observed in solution state NMR. This is consistent with previous reports, and is likely do 
the quaternary nature of backbone carbon, as well as the presence of paramagnetic centers in the 
polymer, as observed by EPR. The polymer exhibited a 10 G wide EPR peak at g=2.002 characteristic 




Figure 1. 1H-NMR of poly(phenyl carbyne) synthesized using Li in THF taken in CD2Cl2 
An additional broad peak centered at 50 ppm can be observed in the solid state CPMAS NMR 
spectrum of poly(phenyl carbyne) (Figure 2).  This is consistent with the presence of sp3 backbone 
carbons in a network polymer as reported by Bianconi, et al.4 No 13C peaks were reported by Kryazhev 
for the poly(phenyl carbyne) with a linear, unsaturated backbone, however poly(diphenyl acetylene), a 
structurally identical polymer, shows an additional 13C-NMR peak at 144 ppm due to the alkenes in the 
backbone.3 Kryazhev also reports a shoulder at 1620 cm-1 on the FTIR spectra of poly(phenyl carbyne) 
which is attributed to unsaturation in the backbone of the polymer.2 Both of these peaks attributed to 
poly(phenyl carbynbe) with an unsaturated backbone are absent in samples of poly(phenyl carbyne) as 
synthesized here, leading to the conclusion that a branched sp3 backbone is present in our samples. 
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Figure 2. Solid state 13C CPMAS NMR of poly(phenyl carbyne) 
The C : H : O weight ratio of the polymer was 90.6 : 5.8 : 2.3%, with a remainder of 1.3%, 
compared to the expected ratio of 94.3 : 5.7 : 0%. The presence of oxygen in the polymer is consistent 
with the incorporation of some THF into the polymer. The 1.3% that is unaccounted for is due to 
residual chlorine in the polymer, which is supported through the presence of 0.29 atomic percent 
chlorine as determined by X-ray photoelectron spectroscopy. The near complete dechlorination of the 
monomer was further confirmed by a 95% recovery of Cl- ions from the reaction mixture, as determined 
by gravimetric analysis. 
2.3 Conclusions 
 Structurally, the polymer synthesized here is almost certainly a network polymer, possessing a 
backbone with no unsaturation. The 13C-CPMAS NMR, which was not given in Kryazev’s report, 
provides conclusive evidence of a quaternary sp3 carbon in the polymer. Peaks from this spectra, 
specifically the peak at 50 ppm, are also reported by Bianconi and others for poly(carbyne)s which 
possess branched structures.3, 4, 8-10 Additionally, no evidence of alkenes exist in NMR or IR spectra for 
the poly(phenyl carbyne) synthesized here.  
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The concentrations used in Kryazhev’s work (1 M) were found to be optimal, though higher 
temperatures (70 oC) and equivalences of Li (6 eq.) were beneficial to the polymerization. The 
optimized polymerization conditions for TCT produced a 4.1 kDa polymer in an 85% yield. The yield 
is substantially higher than that reported by Bianconi and on par with the maximum yields reported by 
Kryazhev.  The molecular weights of poly(phenyl carbyne) synthesized here are approximately 1/3 
larger than the polymer isolated from reduction by NaK but only half as large as what was previously 
reported by Kryazhev.  This discrepancy could possibly stem from the use of different characterization 
techniques. While Kryazhev used VPO, which can give an absolute number average molecular weight, 
poly(phenyl carbyne) synthesized here was analyzed using GPC, and molecular weights are relative to 
poly(styrene) standard. It is well known in the literature that branched polymers appear smaller when 
compared to linear polymers by GPC, so molecular weights of poly(phenyl carbyne) reported here 
might be smaller than actual values.11  Overall, the reduction of trifunctionalized monomers by Li is a 
relatively easy method to obtain C1 poly(carbyne)s, and is worthy of further study. Particularly, further 
investigation into the scope of potential monomers and study into the details of the polymerization 
mechanism.  
2.4 Experimental 
General Considerations. All solvents were dried using a Vac Atmospheres solvent purification system. 
Monomer syntheses were performed under an atmosphere of nitrogen using standard Schlenk 
techniques unless otherwise noted. Since lithium nitride can form when lithium is exposed to nitrogen, 
the polymerization reactions were set up under an atmosphere of argon and run in sealed vials. All 
reagents were purchased from commercial sources and used as received unless otherwise noted. α,α,α-
trichlorotoluene  was purchased from Alfa Aesar. Solution-state 1H and 13C NMR spectra were recorded 
at room temperature on a Bruker Avance III HD spectrometer operating at 400 MHz for 1H, in CDCl3 
(internal standard: 7.26 ppm, 1H; 77.16 ppm, 13C), CD2Cl2 (internal standard: 5.32 ppm, 1H; 53.84 ppm, 
13C) or THF-d8 (internal standard: 3.58 ppm, 1H; 67.21 ppm, 13C). Splitting patterns are denoted as 
follows: br, broad; s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. Solid-state 1H–13C CP MAS 
NMR spectra were recorded at room temperature using a Bruker Avance III HD 11.7 T wide-bore 
spectrometer operating at a 1H NMR frequency of 500.31 MHz and a 13C NMR frequency of 125.81 
MHz. For all measurements, a Bruker triple-resonance MAS NMR probe (MASDVT500W2 BL3.2) 
was used with 3.2 mm diameter rotors consisting of ZrO2 barrels and Vespel® end caps. The magic 
angle was set using the 79Br resonance of KBr. The 13C chemical shifts were externally referenced to 
the –COOH signal of α-glycine (δ = 176.03 ppm relative to tetramethylsilane). The CP MAS 
measurements started with a 2.25 ms, 90° 1H pulse. During the contact time, the 13C spin lock field 
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strength was held constant while the 1H spin lock field was ramped linearly (ramped-amplitude CP) 
down to 50% of the initial value.11 1H decoupling was carried out with a SPINAL-64 sequence.12 
Samples were run at various spin rates using a 2 ms cross polarization time and a relaxation delay of 10 
s. Size exclusion chromatography was performed on a Malvern Viscotek 305 TDA system equipped 
with a refractive index detector using THF as an eluent at 0.8 mL min-1. Infrared spectra were collected 
either by attenuated total reflectance (ATR) on an Agilent Cary-630 spectrometer using a germanium 
crystal for liquid samples or via transmission through a KBr pellet on a Perkin-Elmer Frontier 
spectrometer for solid samples. EPR spectra were collected at 295 K with an X-band microwave 
frequency of 9.393 GHz, a modulation frequency of 100 kHz, a modulation amplitude of 10 G, a 
microwave power of 0.633 mW, a time constant of 5.12 ms, and a sweep time of 30 s. 
Poly(phenyl carbyne)s. Under an atmosphere of argon, a 20 mL glass vial equipped with a glass-coated 
stir bar was charged with 5 mmol of monomer and 5 mL of anhydrous THF. While stirring the solution, 
Li granules were added to the vial over the course of 30 min. The vial was then sealed, immersed in a 
heating bath that was pre-heated to a predetermined temperature, and stirred overnight. To quench the 
reaction, methanol was added until solid lithium was no longer observed. The mixture was then added 
dropwise to 500 mL of methanol to precipitate the polymer and filtered through a medium pore size frit. 
The precipitate was collected, dissolved in a minimal volume of THF, and added dropwise to 500 mL 
of methanol again. The precipitated solids were collected, dissolved in a minimal volume of THF, and 
added dropwise to 500 mL of n-hexane. The precipitated solids were collected by filtration, dried under 
vacuum at 70 °C. In order to obtain the degree of dechlorination, reaction mixtures were dried after 
quenching, dissolved in DCM and rinsed twice with 100 mL of water. The water layer was heated to 70 
oC and an excess of 0.1 M AgNO3 was added. The reaction was allowed to mix for 5 minutes before the 
solidified AgCl was collected by filtration onto a dry piece of filter paper with a known weight.  
Subsequent drying under vacuum and weighing allowed quantification of the amount of Cl present. 
Note: similar to data reported for other poly(carbyne)s,1, 4 signals consistent with the incorporation of 
THF into the polymer were observed in some cases as minor side-products. 1H NMR (400 MHz, THF-
d8): δ 7.21 (br), 2.12 (s), 2.67 (br), 1.26 (s), 0.86 (m). 13C NMR (100 MHz, THF-d8): δ 140.6, 128.52, 
67.10, 31.68, 27.01, 22.76, 14.03. 13C CP MAS NMR (15.5 kHz): δ 140.34, 127.51, 49.22. FT-IR (KBr): 
3432, 3055, 3024, 2929, 2870, 1598, 1492, 1444, 1179, 1157, 1073, 1029 913, 863, 757, 697 cm-1. 
47 
 
2.5 Additional Data 
 
Figure S1. 13C-NMR of poly(phenyl carbyne) synthesized using Li in THF taken in CD2Cl2 
 
Figure S2. EPR signal of poly(phenyl carbyne) showing the presence of a carbon centered radical. 




























Figure S3. FT-IR spectrum (KBr) recorded from poly(phenyl carbyne) 
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Chapter 3: Synthesis and Characterization 
of New Poly(carbyne)s  
 
3.1 Introduction 
Theoretically, a large number of monomers should be viable for use in the synthesis of 
poly(carbyne)s. Considering just poly(carbyne)s produced through a reductive polymerization, the 
primary requirement for an acceptable monomer should be a carbon atom in a +3 oxidation state with 
leaving groups that can be replaced with new C-C bonds through some number of reductive processes 
(Figure 1). Theoretically, as long as the polarized bonds can be replaced with C-C bonds, there is no 
reason the carbon couldn’t be attached to three, two, or even one electron withdrawing groups, though 
the latter two have not been seen experimentally. A large number of functional groups exist with a 
carbon atom in this state, and these could be attached to a near limitless number of side chains. 
Interestingly, however, very little work has been reported on varying either the leaving group or side 
chains in monomers for poly(carbyne)s. Other than poly(phenyl carbyne), the only other examples of 
poly(carbyne)s in the literature are poly(hydrido carbyne) and poly(methyl carbyne).    
Figure 1. Theoretically, poly(carbyne)s could be made from any molecule with a carbon atom in the 
+3 oxidation state if the bonds to the electron withdrawing groups could be replaced with new C-C 
bonds through reduction.   X = electron withdrawing leaving group 
Poly(methyl carbyne) was first synthesized by Bianconi using the same procedure used to make 
poly(phenyl carbyne), with 1,1,1-trichloroethane being added to a sonicated emulsion of NaK amalgam 
in THF (Figure 2, a).1 Poly(methyl carbyne) was isolated in a 3.5% yield via precipitation and was 
found to have a number average molecular weight, Mn, of 4.4 kDa (Đ = 1.85), slightly higher than that 
of poly(phenyl carbyne) synthesized using the same synthetic method. Poly(methyl carbyne) was also 
synthesized through electrochemical reduction (-6.0 V, reference not given) of 1,1,1-trichloroethane in 
acetonitrile followed by chemical reduction using LiAlH4.2 This produced 6-10% of soluble 
poly(methyl carbyne) (Mn = 9.3 kDa,  Đ = 1.80) as well as a presumably higher molecular weight 
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insoluble fraction. In addition to the expected aliphatic peaks, 1H-NMR of the polymer after electrolysis 
showed a strong peak at 2.1 ppm due to remaining chlorine in the backbone. After the reaction with 
LiAlH4, the signal at 2.1 ppm was replaced with a more up-field peak at 1.4 ppm consistent with 
reduction of the C-Cl bonds to C-H. IR (Infra-red) and NMR (nuclear magnetic resonance) analysis of 
poly(methyl carbyne) were consistent with a branched network structure and showed no significant 
signs of side products. 
Figure 2. Reported synthetic strategies for poly(methyl carbyne) (a) and poly(hydrido carbyne) (b). 
Bianconi was also the first to prepare poly(hydrido carbyne) by ultrasonic irradiation of  a 
mixture of bromoform and NaK amalgam in THF which led to the formation of poly(hydrido carbyne) 
in yields between 45 – 86% (Figure 2, b).3 While the product of this reaction was shown to be a 
macromolecule by light scattering, no exact molecular weight data was given.  Similar to samples of 
poly(phenyl carbyne), poly(hydrido carbyne) has a strong electron paramagnetic resonance (EPR) 
signal indicative of a carbon centered radical.1, 3, 4 IR and CP-MAS (cross polarized magic angle spin) 
13C-NMR spectra indicated the polymer primarily contained a branching sp3 backbone, however 13C-
NMR signals from residual C-Br sites were seen, as well as peaks assigned to cis- and trans- 
polyacetylene. Interestingly, some double bonds in the backbone of poly(carbyne)s were also seen 
previously when trichlorotoluene was added slowly to the NaK/ THF emulsion. 1 In the case of 
poly(hydrido carbyne), these double bond peaks were seen in all cases when NaK amalgam was used, 
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regardless of reaction conditions. A more pure polymer was obtained when poly(hydrido carbyne) was 
prepared through electrolysis of chloroform.5  Using a method identical to the electrochemical synthesis 
of poly(methyl carbyne) (save for the use of chloroform instead of trichloroethane), poly(hydrido 
carbyne) with a Mn of 5.6 kDa (Đ = 1.1) could be isolated in 30 – 40% yields.  After reduction with 
LiAlH4, 1H-NMR and IR spectra showed no indication of any impurities, though direct comparison to 
the poly(hydrido carbyne) from Bianconi’s work is difficult as no CP-MAS data is given. Poly(hydrido 
carbyne) was also synthesized from bromoform by reduction using sodium naphthalenide in THF.6  This 
process was reported to produce a polymer with one unit of naphthalene in the polymer for every 30 
monomer units based on integration of 1H-NMR spectra, though the method or location of this 
incorporation was not discussed. The final method of synthesis utilized for poly(hydrido carbyne) was 
through mechanochemical synthesis.7, 8 Bromoform was spun in a centrifugal ball mill with Mg and 
THF for 15 minutes, which after several extractions led to the isolation of the expected polymer in 40 
– 60 % yield. The molecular weight of these samples was found to be slightly lower (Mn = 1.6 kDa, Đ 
= 2.1) than poly(hydrido carbyne) synthesized by other methods, but the polymer appeared 
spectroscopically identical according to FT-IR, 1H-NMR, and EPR.  
 The aforementioned methods (both in chapters 2 and 3) fully cover the reported syntheses of 
poly(carbynes). While various reduction methods have been used, only germinal trichlorides and 
bromides have been utilized as monomers.  The use of C-Cl and C-Br bonds is an excellent starting 
point for reductive poly(carbyne) synthesis due to their frequent use in the formation of nucleophilic 
organometallic compounds, C-C bond forming substitution reactions, and alkali metal couplings such 
as the Wurtz reaction.9, 10  As mentioned before, however, many strongly oxidized carbon atoms could 
potentially form poly(carbyne)s under reducing conditions.  Other carbon centers possessing 3 bonds 
to more electronegative atoms such as oxygen or nitrogen could also be amenable to reductive 
polymerizations to form poly(carbyne)s.  In contrast to halide-based carbyne precursors, O and N based 
precursors could potentially have 1 or 2 heteroatoms attached to a carbon with an oxidation state of +3 
(e.g. esters or nitriles). In addition to increasing our fundamental understanding of what oxidized 
carbons can be converted in poly(carbynes), exploration into new potential leaving groups in reductive 
polymerizations can greatly expand the range of potential monomers unitized in poly(carbyne) synthesis. 
 In addition to varying the leaving groups attached to the reactive carbon center, the unreactive 
“side chain” substituent can also be varied.  To date, only phenyl, methyl, and hydrogen side chains 
have been used in poly(carbyne) synthesis.  Variation of polymer side chains can have drastic effects 
on a range of polymer properties such as crystallinity, solubility, thermal properties, and more.11, 12 The 
use of ester side chains, like those seen in poly(acrylate)s, can be particularly useful as a wide range of 
functionalities can easily be attached without strongly altering the polymerizable portion of the 
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monomer. This technique has been utilized extensively in the polymerization of diazoacetates13-16, and 
has led to the formation of several C1 polymers that show enhanced properties like increased thermal 
stability14 or fluorescence17, or unique properties such as lower critical solution temperatures18. Because 
of the utility of ester functionalities as side chains, synthesis of ester containing poly(carbyne)s is 
particularly appealing. 
 Herein, we have investigated a number of new poly(carbyne)s synthesized through reductive 
polymerizations using Li.  In order to greatly expand the scope of potential monomers for these 
polymerizations, we have varied both the leaving groups as well as the side chains.  Reaction conditions 
were first optimized, including the addition of an electron transfer catalyst.  Subsequently, new 
poly(carbyne)s were synthesized and characterized, doubling the number of carbyne precursors known 
to polymerize under reductive conditions.  
3.2 Results and Discussion 
A library of monomers that were envisioned to afford poly(carbyne)s via a reductive C1 
polymerization is shown in Figure 3. The monomers were selected because they feature electron 
deficient carbon atoms in the +3-oxidation state and could potentially form new C-C bonds under 
reduction. Germinal trichlorides 1 – 4 were chosen to test the effects varying the side chain would have 
on the polymer structure. Monomers 1 – 3 were chosen to see if poly(ester carbyne)s could be 
synthesized and determine the effect of alkyl chain length on the polymer. Monomer 4 was tested to see 
if other polar ketone containing functionalities could be polymerized as well.  Molecules 5 – 8 all 
contain phenyl side chains and were designed to test the viability of using new leaving groups in the 
reductive polymerization. Monomers 5 and 6 were selected to test the effects of relatively less (OMe) 
and more (F) electronegative leaving groups than Cl or Br, and 7 and 8 were chosen to see if sp2 and sp 




Figure 3. Structures of potential poly(carbyne) monomers tested. 
A preliminary set of polymerization reactions was performed with n-pentyl 2,2,2-
trichloroacetate (2), starting with the original procedure from Brodskya.19  A 1.0 M THF solution of the 
monomer was charged with 3.2 equivalents of Li at room temperature. After 24 hours, the reaction 
mixture was quenched with methanol, extracted, and then added dropwise into n-hexane to induce 
precipitation. Collection of the precipitated solids afforded the corresponding polymer in 21% yield. 
Variation of monomer concentration to higher and lower values was not seen to improve yields or 
molecular weights of the isolated polymer (Table S1).  Increasing reaction temperature while 
maintaining all other reaction conditions was seen to lead to incremental increases in yields and 
molecular weights up to 70 °C, where a yield of 31% was obtained (Table S2). Since the use of other 
non-THF solvents produced undesirable effects in the synthesis of poly(phenyl carbyne), higher boiling 
ethers were tested. Similar to poly(phenyl carbyne) synthesis, maximum yields (39%) and molecular 
weights (909 Da, Đ = 1.1) were obtained by performing the reaction at 70 °C with 6 equivalents of Li 
after only 12 hours (Table S3). 
Electron transfer agents have been reported to facilitate the activation of carbon–halogen bonds 
by alkali metals.20, 21 As such, it was reasoned that the addition of an electron transfer agent to the 
reaction may improve the performance of the polymerization. Naphthalene was selected because it 
readily forms lithium naphthalenide, a radical anion, upon exposure to lithium. The addition of 
naphthalene (0.25 equiv. with respect to monomer) to the optimized reaction parameters described 
above ([2]0 = 1.0 M, [Li]0/[2]0 = 6, THF, 70 °C, 12 h) increased the yield of polymer to 50%. The use 
of relatively more or less naphthalene was observed to have detrimental effects (Table S4). As such, the 
conditions were deemed optimal and applied toward the polymerization of the other monomers shown 




Table 1. Polymerization of various monomersa 
Monomer Mn (kDa)b PDI Yield (%) 
n-Pentyl Trichloroacetate (2) 1.64 4.5 50 
Methyl Trichloroacetate (1) 0.72 2.9 78 
n-Decyl Trichloroacetate (3) 1.92 6.1 34 
2,2,2-Trichloroacetophenone (4) 2.28 5.7 48 
Trimethyl Orthobenzoate (5) 1.21 2.0 30 
α,α,α-Trifluorotoluene (6) 2.31 2.7 29 
Methyl Benzoate(7) N.R. N.R N.R. 
Benzonitrile(8) N.R. N.R. N.R. 
α,α,α-Trichlorotoluene 2.45 2.7 37 
α,α,α-Trichlorotoluenec 4.10 2.8 86 
a Conditions: [monomer]
0




 = 6, [naphthalene]
0
 = 0.25 M, THF, 70 °C, 12 h. b Determined by SEC versus a polystyrene standard in THF. c 
Conditions: [monomer]
0




 = 6, THF, 70 °C, 12 h (no added naphthalene). 
 The majority of monomers tested successfully formed polymers under the optimized reaction 
conditions.  All three ester containing monomers, 1 – 3, as well as the ketone-containing monomer, 4, 
were amenable to polymerization using the optimized reaction conditions. These collectively represent 
the first reported poly(carbyne)s to contain carbonyl groups as well as any sort of polar side chains. 
Yields for the poly(ester carbyne)s appear to be inversely related to the length of the alkyl side chain, 
while PDI values seem to increase with increasing chain length. These trends could be attributed to the 
relatively lower steric bulk of small alkyl chains leading to more favorable couplings. While molecular 
weights increase with increasing chain length, average D.P. (degree of polymerization) is relatively 
consistent with 1, 2, and 3 having 10, 13, and 10 repeat units, respectively. Gravimetric analysis of 
chloride produced in the polymerization of 1 – 4 confirmed that between 90 – 100% of the C-Cl bonds 
were removed in the polymerization, showing very high conversion. The two new germinal 
trifunctionalized monomers (5 and 6) were smoothly polymerized into poly(phenyl carbyne), making 
them the first reported poly(carbyne)s precursors to be utilized using fluorine or non-halogen leaving 
groups. Use of 5 and 6 as monomers led to lower molecular weights and yields in comparison to PPC 
prepared from trichlorotoluene (TCT) without naphthalene. Interestingly, PPC prepared form TCT in 
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the presence of naphthalene also produced lower yields and molecular weights than when naphthalene 
was not present, possibly due to the formation of more hexane soluble oligomers. Neither 7 nor 8 
polymerized under any reductive conditions tried, suggesting that perhaps germinal trifunctionalized 
monomers are required for the reductive synthesis of poly(carbyne)s. This is understandable as 
reductions through Li (as well as Li naphthalenide) occur through single-electron transfers. In the case 
of trifunctionalized monomers, a reactive carbon center primed for C-C bond formation can be created 
through a single electron transfer from the reductant to the leaving group followed by hemolytic bond 
cleavage. In the case of C=O and C=N bonds, this route is not viable as multiple single electron transfers 
to the same atom would be required to fully remove the bond.  
In addition to GPC results, a series of spectroscopic measurements indicated that monomers     
1 - 6 were converted into polymeric derivatives. For example, the infrared spectrum recorded for the 
polymer obtained from 2 exhibited relatively broad signals when compared to that of its monomer 
(Figure 4). Moreover, the characteristic νC–H, νC=O, and νC–O signals of 2 were retained while the νC–Cl 
signals present at 880, 824, and 680 cm-1 were absent. A new signal at 1619 cm-1, consistent with an 
alkene stretching frequency and indicative of an unsaturated polymer backbone, was also observed. 
Similar signals (1628 – 1598 cm-1) were observed in infrared spectra recorded for the polymers derived 
from 1, 3, and 4(see Figures S28 – S30). The IR spectra for the polymers obtained from 5 and 6 (see 
Figures S31 – S32) were very similar to that of poly(phenyl carbyne), both as reported1 and as 
synthesized here, and thus their structures were assigned as branched. 
 
Figure 4. Infrared spectra recorded for (a) monomer 2 and (b) its polymeric derivative. 
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NMR spectroscopy was utilized to further elucidate the structures of the poly(carbyne)s. While 
the solution-state 1H and 13C NMR spectra recorded for the polymers synthesized from 1 – 6 were 
consistent with their structures, the signals were found to be broad which challenged refinement. For 
example, the 13C NMR signal assigned to the carbonyl group in 4 can be observed at 162 ppm; however, 
the corresponding signal was suppressed upon analysis of the polymer (Figure 5). Additionally, the 
signal for the germinal trichloride is seen at 90 ppm in the monomer, but no peak is visible for the 
backbone, appearing in either the vinyl or alkyl region, in the polymer product. The “quaternary” 22 
nature of these carbons could partially explain why they do not appear, as carbons not attached to a 
proton often show weak signals due to long relaxation times, however, non-quaternary carbons were 
also suppressed.  In both 1H (Figure S9) and 13C NMR (Figure 5b) spectra of poly(4), the peaks from 
the methylene adjacent to the ester (4.03 and 62 ppm, respectively) show substantially lower intensity 
relative to the other alkyl peaks, showing that even carbons bonded to protons show decreased NMR 
signals based on their proximity to the backbone.  
Figure 5. 13C NMR spectra recorded for 4 before (a, CDCl3) and after (b, THF-d8) polymerization. 
It was reasoned that the NMR signal suppression effects may be due to the presence of polymer-
based radicals.  It is known in the literature that atoms spatially near to paramagnetic centers are often 
rendered invisible on NMR spectra due to hyperfine coupling or paramagnetic relaxation 
enhancement.23 Poly(carbyne)s have been previously reported to contain unpaired electrons along their 
backbones, so their presence in the new polymers is reasonable.4, 7, 8, 19, 24 Electron paramagnetic 
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resonance (EPR) spectroscopy revealed that the polymers described above exhibited sharp signals at g 
= 2.002 – 2.003 with a separation of 8 – 10 G, consistent with carbon-centered radicals. The 
corresponding spin densities were calculated to be on the order of 1017 – 1018 spins/g, with poly(4) 
exhibiting ten times higher unpaired electron concentrations than poly(phenyl carbyne) (Table 2).  
 
Table 2. Spin Densities Measured for Various Poly(carbyne)sa 
Entry Polymer Spins/g 
1 Poly(phenyl carbyne) 9.81 × 1016 
2 Poly(n-pentyl ester carbyne) 1.85 × 1017 
3 Poly(methyl ester carbyne) 1.99 × 1017 
4 Poly(n-decyl ester carbyne) 6.23 × 1017 
5 Poly(benzoyl carbyne) 9.99 × 1017 
a Synthesized using General Procedure B 
The NMR peak suppression was effectively managed using 1H–13C cross-polarization magic-
angle spinning (CP MAS) NMR spectroscopy, where the 13C NMR signal of the carbonyl group in the 
poly(3) was observed at 173 ppm (Figure 6). A 13C NMR signal was also recorded at 126 ppm and 
attributed to alkene groups present in an unsaturated linear backbone, consistent with the FT-IR data. 
Similar data were recorded for the polymers that were synthesized from 1, 2, 4 (see Figures S19 – S22). 
The 1H–13C CP MAS NMR spectra of the polymers obtained from 5 and 6 (see Figures S23, S24) 
exhibited broad signals at 51 ppm, which has been attributed to the quaternary carbons of a branched 
network, further reinforcing their structural assignment.1 
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Figure 6. 1H–13C CP MAS NMR spectrum recorded for the polymer obtained from 3. Conditions: MAS 
= 7 kHz, tCP = 2 ms, relaxation delay = 10 s; * denotes spinning sidebands. 
3.3 Conclusion 
 
 In conclusion, we have demonstrated that a wide range of molecules could potentially be used 
as monomers in the polymerization of poly(carbynes).  It was successfully demonstrated that a number 
of new geminaly functionalized molecules could be utilized as poly(carbyne) precursors, including 
those containing C-F and C-O bonds.  Unfortunately, all monomers tried that contained less than 3 
leaving groups (7, 8) were not polymerizable under the conditions tried. Additionally, the first 
poly(carbyne)s containing polar side chains, including versatile ester groups were successfully 
synthesized.  Further variation of the side chains on poly(ester carbyne)s could lead to per-substituted 
polymers with dense functionalization which could potentially show unique or enhanced 
physicochemical properties over conventional polymers. The polymerization was successfully 
optimized, significantly increasing yields of the poly(carbyne)s through the addition of an electron 
transfer catalyst.  Characterization of the new poly(carbyne)s led to an interesting dichotomy, with the 
carbonyl-containing polymers possessing an unsaturated backbone in contrast to previously reported 
poly(carbyne)s, which contain branched sp3 backbones. 
3.4 Experimental 
General Considerations. All solvents were dried using a Vac Atmospheres solvent purification system. 
Monomer syntheses were performed under an atmosphere of nitrogen using standard Schlenk 
techniques unless otherwise noted. Since lithium nitride can form when lithium is exposed to nitrogen, 
the polymerization reactions were set up under an atmosphere of argon and run in sealed vials. All 
reagents were purchased from commercial sources and used as received unless otherwise noted. α,α,α-
trichlorotoluene  and 2,2,2-trichloroacetophenone were purchased from Alfa Aesar. Methyl 2,2,2-
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trichloroacetate and α,α,α-trifluorotoluene were purchased from TCI Chemicals. Methyl orthobenzoate 
was purchased from Sigma Aldrich. Solution-state 1H and 13C NMR spectra were recorded at room 
temperature on a Bruker Avance III HD spectrometer operating at 400 MHz for 1H, in CDCl3 (internal 
standard: 7.26 ppm, 1H; 77.16 ppm, 13C), CD2Cl2 (internal standard: 5.32 ppm, 1H; 53.84 ppm, 13C) or 
THF-d8 (internal standard: 3.58 ppm, 1H; 67.21 ppm, 13C). Splitting patterns are denoted as follows: br, 
broad; s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. Solid-state 1H–13C CP MAS NMR spectra 
were recorded at room temperature using a Bruker Avance III HD 11.7 T wide-bore spectrometer 
operating at a 1H NMR frequency of 500.31 MHz and a 13C NMR frequency of 125.81 MHz. For all 
measurements, a Bruker triple-resonance MAS NMR probe (MASDVT500W2 BL3.2) was used with 
3.2 mm diameter rotors consisting of ZrO2 barrels and Vespel® end caps. The magic angle was set using 
the 79Br resonance of KBr. The 13C chemical shifts were externally referenced to the –COOH signal of 
α-glycine (δ = 176.03 ppm relative to tetramethylsilane). The CP MAS measurements started with a 
2.25 ms, 90° 1H pulse. During the contact time, the 13C spin lock field strength was held constant while 
the 1H spin lock field was ramped linearly (ramped-amplitude CP) down to 50% of the initial value.25 
1H decoupling was carried out with a SPINAL-64 sequence.26 Samples were run at various spin rates 
using a 2 ms cross polarization time and a relaxation delay of 10 s. Size exclusion chromatography was 
performed on a Malvern Viscotek 305 TDA system equipped with a refractive index detector using THF 
as an eluent at 0.8 mL min-1. Infrared spectra were collected either by attenuated total reflectance (ATR) 
on an Agilent Cary-630 spectrometer using a germanium crystal for liquid samples or via transmission 
through a KBr pellet on a Perkin-Elmer Frontier spectrometer for solid samples. EPR spectra were 
collected at 295 K with an X-band microwave frequency of 9.393 GHz, a modulation frequency of 100 
kHz, a modulation amplitude of 10 G, a microwave power of 0.633 mW, a time constant of 5.12 ms, 
and a sweep time of 30 s. 
n-Pentyl Trichloroacetate (2). A dry 250 mL flask was charged with 100 mL of anhydrous CH2Cl2 and 
4.176 g (47.4 mmol) of 1-pentanol. The flask was cooled to 0 °C and then charged with 10.306 g (54.7 
mmol) of trichloroacetyl chloride. After adding 4 mL of pyridine in a dropwise manner to the flask, the 
resulting mixture was slowly warmed to room temperature and stirred overnight. The mixture was then 
washed with 100 mL of an aqueous solution of HCl (10%) followed by 100 mL of brine before being 
dried over MgSO4. After filtration, the solvent was evaporated to afford 10.096 g (91% yield) of the 
desired compound as a straw-colored liquid. 1H NMR (400 MHz, CDCl3): δ 4.32 (t, 2H), 1.73 (m, 2H), 
1.34 (m, 4H), 0.88 (t, 3H). 13C NMR (100 MHz, CDCl3): δ 161.86, 90.00, 69.43, 27.84, 27.67, 22.10, 
13.80. FT-IR (Ge-ATR): 2960, 2932, 2863, 1763, 1457, 1379, 1236, 1042, 980, 885, 827, 751, 680 cm-
1. 
n-Decyl Trichloroacetate (4). A dry 250 mL flask was charged with 100 mL of anhydrous CH2Cl2 and 
7.622 g (48.15 mmol) of 1-decanol. The flask was cooled to 0 °C and then charged with 10.129 g (55.7 
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mmol) of trichloroacetyl chloride. After adding 4 mL of pyridine in a dropwise manner to the flask, the 
resulting mixture was slowly warmed to room temperature and stirred overnight. The mixture was then 
washed with 100 mL of an aqueous solution of HCl (10%) followed by 100 mL of brine before being 
dried over MgSO4. After filtration, the solvent was evaporated to afford 14.216 g (97% yield) of the 
desired compound as a straw-colored liquid. 1H NMR (400 MHz, CDCl3): δ 4.34 (t, 2H), 1.74 (m, 2H), 
1.25 (m, 14H), 0.86 (t, 3H). 13C NMR (100 MHz, CDCl3): δ 162.14, 90.16, 69.68, 32.01, 29.60, 29.55, 
29.40, 29.19, 28.33, 25.70, 22.80, 14.22. FT-IR (Ge-ATR): 2956, 2924, 2854, 1765, 1457, 1379, 1239, 
1042, 984, 878, 827, 751, 680 cm-1. 
General Procedure A: Synthesis of Poly(carbyne)s. Under an atmosphere of argon, a 20 mL glass vial 
equipped with a glass-coated stir bar was charged with 5 mmol of monomer and 5 mL of anhydrous 
THF. While stirring the solution, Li granules were added to the vial over the course of 30 min. The vial 
was then sealed, immersed in a heating bath that was pre-heated to a predetermined temperature, and 
stirred overnight. To quench the reaction, methanol was added until solid lithium was no longer 
observed. The mixture was then added dropwise to 500 mL of methanol to precipitate the polymer and 
filtered through a medium pore size frit. The precipitate was collected, dissolved in a minimal volume 
of THF, and added dropwise to 500 mL of toluene. The precipitated solids were collected, dissolved in 
a minimal volume of THF, and added dropwise to 500 mL of n-hexane. The precipitated solids were 
collected by filtration, dried under vacuum at 70 °C. Note: similar to data reported for other 
poly(carbyne)s,1, 19 signals consistent with the incorporation of THF into the polymer were observed in 
some cases as minor side-products. 
General Procedure B: Synthesis of Poly(carbyne)s in the Presence of Naphthalene. Under an 
atmosphere of argon, 5 mL of anhydrous THF, 160.2 mg (1.25 mmol) of naphthalene, and 208.2 mg 
(30 mmol) of lithium were added to a 30 mL vial equipped with a glass-coated stir bar. The vial was 
sealed and then charged with 5 mmol of monomer in a dropwise manner via syringe before heating the 
mixture to 70 °C overnight. The reaction mixture was then cooled to room temperature. To quench the 
reaction, methanol was added until solid lithium was no longer observed. The solvent was then 
evaporated and the solid residue was washed with 50 mL of an aqueous solution of HCl (10%) and then 
dissolved in 100 mL of ethyl acetate. The organic phase was washed with 50 mL of an aqueous solution 
of HCl (10%) followed by 100 mL of brine. The organic phase was then dried over MgSO4, filtered, 
and the solvent was removed under vacuum. The product was dissolved in a minimal volume of THF, 
added dropwise to an excess of n-hexane, collected via filtration, and dried under vacuum at 70 °C.  In 
order to obtain the degree of dechlorination, reaction mixtures were dried after quenching, dissolved in 
DCM and rinsed twice with 100 mL of water. The water layer was heated to 70 oC and an excess of 0.1 
M AgNO3 was added. The reaction was allowed to mix for 5 minutes before the solidified AgCl was 
collected by filtration onto a dry piece of filter paper with a known weight.  Subsequent drying under 
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vacuum and weighing allowed quantification of the amount of Cl present. Note: similar to data reported 
for other poly(carbyne)s,1, 19 signals consistent with the incorporation of THF into the polymer were 
observed in some cases as minor side-products. 
Poly(Phenyl Carbyne). Using General Procedure B, monomer 1, 6, and 7 afforded 165 mg (37% yield), 
133 mg (30% yield), and 129 mg (29% yield), respectively, of poly(phenylcarbyne) as a brown powder. 
Poly(phenyl carbyne) samples prepared using 1, 6, and 7 are spectroscopically identical. 1H NMR (400 
MHz, THF-d8): δ 7.21 (br), 2.12 (s), 2.67 (br), 1.26 (s), 0.86 (m). 13C NMR (100 MHz, THF-d8): δ 
140.6, 128.52, 67.10, 31.68, 27.01, 22.76, 14.03. 13C CP MAS NMR (15.5 kHz): δ 140.34, 127.51, 
49.22. FT-IR (KBr): 3432, 3055, 3024, 2929, 2870, 1598, 1492, 1444, 1179, 1157, 1073, 1029 913, 
863, 757, 697 cm-1. 
Poly(Pentyl Ester Carbyne). Using General Procedure B and monomer 2 afforded 317.9 mg (50 % 
yield) of a dark brown polymer. 1H NMR (400 MHz, THF-d8): δ 4.17 (br), 1.36 (br), 0.94 (br). 13C NMR 
(100 MHz, THF-d8): δ 28.08, 22.20, 13.36. 13C CP MAS NMR (18 kHz): δ 172.36, 126.48, 62.43, 
30.76, 22.82, 13.94. FT-IR (KBr): 3422, 2959, 2933, 2871, 1733, 1619, 1462, 1233 cm-1. 
Poly(Methyl Ester Carbyne). Using General Procedure B and monomer 3 afforded 252.3 mg (78% 
yield) of a dark brown polymer. 1H NMR (400 MHz, THF-d8): δ 3.80 (br), 3.66 (m), 1.82 (m), 1.33 (m), 
0.93 (t). 13C NMR (100 MHz, THF-d8): δ 31.54, 22.53, 13.4. 13C CP MAS NMR (18 kHz): δ 173.22, 
125.05, 62.22, 31.79, 22.84, 14.12. FT-IR (KBr): 3376, 2955, 1738, 1628, 1444, 1222 cm-1. 
Poly(Decyl Ester Carbyne). Using General Procedure B and monomer 4 afforded 355.4 mg (34% yield) 
of a dark brown polymer. 1H NMR (400 MHz, THF-d8): δ 2.08 (m), 1.33 (br), 0.91 (br). 13C NMR (100 
MHz, THF-d8): δ 62.34, 33.90, 32.68, 30.39, 30.12, 26.75, 23.39 14.29, 1.17. 13C CP MAS NMR (7 
kHz): δ 173.32, 130.16, 126.48, 61.89, 29.76, 22.91, 14.13. FT-IR (KBr): 3394, 2955, 2931, 2870, 1714, 
1615, 1455, 1374, 1242, 1182, 1036, 757 cm-1. 
Poly(Benzoyl Carbyne). Using General Procedure B and monomer 5 afforded 281.1 mg (48% yield) of 
a dark brown polymer. 1H NMR (400 MHz, THF-d8): δ 7.16 (br), 2.52 (s), 1.33 (s), 0.93 (t), 0.14 (s). 
13C NMR (100 MHz, THF-d8): δ 128.81. 13C CP MAS NMR (10 kHz): δ 170.5, 138.18, 67.48, 31.53, 
22.50, 22.50, 22.77, 14.12. FT-IR (KBr): 3443, 3058, 3028, 2931, 2874, 1718, 1598, 1494, 1447, 1247, 





3.5 Additional Data 
Additional Synthetic Data 
Table S1. Variation of Monomer Concentration Used in the Polymerization of 2a 
Entry [2]0 (M) Yield (%) Mn (Da) 
1 0.1 0 -- 
2 0.5 15 566 
3 1.0 21 555 
4 2.0 18 561 




Table S2. Variation of the Temperature Used in the Polymerization of 2a 
Entry Temperature (°C) Yield (%) Mn (Da) 
1 40 28 677 
2 55 30 700 
3 70 31 788 





Table S3. Variation of Number of Equivalents of Li Used in the Polymerization of 2a 
Entry Equiv. Yield (%) Mn (Da) 
1 4.5 31 807 
2 6 39 909 
3 8 36 897 




Table S4. Variation of the Naphthalene Concentration Used in the Polymerization of 2a 
Entry [Naphthalene]0 (M) Yield (%) Mn (Da) 
1 0.05 35 1020 
2 0.15 51 1640 
3 1.0 46 1330 
4 6.0 44 1280 









NMR Spectra (Note: samples were prepared using General Procedure B) 
 
























































































CPMAS NMR Spectra (Note: samples were prepared using General Procedure B) 
 









Figure S21. 13C CPMAS NMR spectrum of the polymer obtained from 3 (7 kHz MAS), * 





Figure S22. 13C CPMAS NMR spectrum of the polymer obtained from 4 (10 kHz MAS), * 





Figure S23. 13C CPMAS NMR spectrum of the polymer obtained from 5 (15 kHz MAS), * 





Figure S24. 13C CPMAS NMR spectrum of the polymer obtained from 6 (15 kHz MAS), * 











































































































































































































Size Exclusion Chromatograms (Note: samples were prepared using General Procedure B 
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 As was shown previously, the polymeric structures of poly(carbyne)s differ based on the 
monomer used, with polymers containing carbonyl and phenyl side chains having a linear or branched 
backbone, respectively. This inherent difference could be caused by thermodynamic or kinetic 
differences and is possibly reflected in the polymerization mechanism. While polymers have been 
synthesized through the utilization of many different types of repeating chemical reactions (e.g. ATRP, 
ROMP, anionic, condensation, or even polyhomologation), the method in which a polymer grows, or 
polymerization mechanism, is always either chain-growth or step-growth.  This can normally be 
determined by careful consideration of the polymerization’s reactants and products, however, this is not 
always the case. Before discussing the experimental determination of the polymerization mechanism 
for poly(carbyne)s, its causes, and implications a brief introduction to step- and chain-growth will be 
given.  This introduction will focus on the mechanism and kinetics of the two different pathways and 
their subclasses, with examples given for clarity. 
 Step-growth polymerizations can be thought of as a large number of independent reactions 
between multi-functional molecules, with each individual reaction leading to the linking of two 
molecules. Polymer growth, i.e. the increase of the average molecular weight of the solution, occurs 
through the repetition of this linking reaction, with monomers first reacting to form dimers, followed 
by dimers reacting with both monomers and dimers to form trimers and tetramers, respectively (Figure 
1, a).  This process continues, with random linking between molecules of different sizes, until oligomers 




Figure 1. Reaction schemes for a generalized step-growth polymerization (a), poly(amides) from  
 A-R-B (b) and A-R-A / B-R-B (c) type monomers, and poly(urethane) (d) 
 Bifunctional1 monomers, the most common and simple monomers employed in step-growth 
polymerizations, can be divided into two groups. The A-R-B type monomer consists of an R group 
connecting two functionalities (A and B) which can undergo some bond-forming reaction (A’-B’) 
(Figure 1, a). Each reaction creates a new molecule whose degree of polymerization (D.P.) is the sum 
of the two previous molecules D.P., which is the case for all polymerizations.  Additionally, each 
molecule in solution will have one A and one B functionality on either end. This type of step-growth 
polymerizations can be seen in the polymerization of amino acids, where the repeated condensation of 
amine and carboxylic acid groups into amide linkages leads to the formation of a poly(amide) (Figure 
1, b). Much more commonly, step-growth polymerizations occur between two different bifunctional 
molecules, A-R-A and B-R-B. In this case, polymerization proceeds in much the same manner, with a 
reaction between each monomer type leading to what is effectively an A-R-B species. For example, 
poly(amide)s can also be produced through this type of reaction, with diamines being reacted with 
diacids to produce a very similar (but not identical) polymer (Figure 1, c) to what was shown in figure 
1b.  
Both of the previous polymerization examples are accompanied by the production of a water 
molecule and are known as condensation polymerizations. Condensation polymerizations are defined 
as polymerizations in which small molecules are given off during polymer growth, and while this is 
oftentimes water, various other small molecules such as acids, salts, and organics can also be released 
from the process. Most step-growth polymerizations are condensation polymerizations, however, this 
is not always the case. Poly(urethane)s are polymerized in a step-growth manner by the reaction of 
alcohols with isocyanates to produce carbamate linkages with no small molecules being released 
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(Figure 1, d). Conversely, all condensation polymers do not necessarily grow in a step-growth manner, 
which will be examined later.  
The kinetics of step-growth polymerizations are governed by the concept of “equal reactivity 
of functional groups,” and were worked out by Flory.2 The principle of equal reactivity of functional 
groups states that the reactivity of all functional groups in solution, whether on a monomer, oligomer, 
or polymer all have essentially the same reactivity. Since the innate reactivity of all molecules in 
solution is the same, the probability of any two molecules (monomer, tetramer, octamer, etc.) reacting 
is based only on their relative concentrations in solution. Because monomer is the most abundant 
molecule in solution at the beginning of the polymerization, we see that monomer is consumed 




           Equation 1. 
where N is the number of functional groups reacted and N0 is the initial number of functional groups in 
solution, the amount of monomer remaining in solution ([M]/[M]0) is given by 
[𝑀]
[𝑀]0
=  (1 − 𝑝)2         Equation 2. 
By plotting Eq. 2 (Figure 2, a), it is clear that monomer concentration decreases quickly at the beginning 
stages of the reaction, with the rate of consumption decreasing toward higher extents of conversion. It 
is expected that about 55% of the monomer is consumed one-third of the way to completion (p = 0.33) 


























































Figure 2. Graphs displaying the consumption of monomer (a) and degree of polymerization (b) versus 
the extent of conversion as predicted by theory. 
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Polymer D.P (𝑋𝑛), and by extension molecular weight, initially increase very slowly, with primarily 
dimer and other small oligomers being formed at low values of p.  It is not until p approaches one and 
the majority of functional groups in solution have been reacted, that high molecular weight polymer is 
formed. This process is described by the Carothers equation  
𝑋𝑛 =  
1
(1−𝑝)
          Equation 3. 
From a plot of this equation (Figure 2, b), it is clear that a D.P. of two is not achieved until half of the 
functionalities have reacted and average chain lengths of ten are not seen until p = 0.9. The slow increase 
of average molecular weight and the quick consumption of monomer are perhaps the two most 
characteristic behaviors of a step-growth polymerization, and as we will see, differ substantially from 
what is observed in chain-growth polymerizations. 
 Unlike monomers in step-growth polymerizations, monomers (M) in chain-growth 
polymerizations are not all innately reactive toward each other under the conditions used in a normal 
polymerization. Instead, some initiator (I) is used to activate a small portion of the monomers in a 
process called initiation (Figure 3, a). This initiator can be a wide variety of chemicals including radical 
sources, anions, cations, or metallic catalysts or physical phenomena such as heat or light. An activated 
monomer (M*) is then able to react with other monomer molecules in solution (Figure 3, b). Upon 
reaction, the two monomers form a bond and the active center is passed from the initially activated 
monomer (M1) to the new “active chain end” (M2).  The new chain end will react with another monomer 
(M3), forming another bond and again passing the active center on.  This reaction repeats itself, in a 
process known as propagation, increasing the length of the growing polymer chain (P) by one structural 
unit every time. Propagation continues until either all of the monomer in solution is consumed or the 
growing chain is deactivated through what is called termination (Figure 3, c).  Termination can occur 
through a reaction of two active centers, or in a reaction between the active center and some other 
molecule in solution (B). In the case of termination, B can either form a bond with the active chain end, 
forming a non-reactive endgroup, or generate a new species B* that is not able to react with monomer. 
In some cases, the molecule (C) that terminates the growing chain can itself become an active center 
for propagation in what is known as chain transfer (Figure 3, d). A huge number of different types of 
chain-growth polymerizations exist, and while the exact details of these steps vary between the different 





Figure 3. General steps in a chain-growth polymerization include initiation (a), which begins the 
polymerization reaction, propagation (b), which grows the polymer chains, termination (c), which 
ends the growth of chains, and chain transfer (d), which ends the growth of one chain while initiating 
another. 
Perhaps the most well-known types of chain-growth polymerizations are those that employ 
vinyl monomers, which generally consist of a terminal alkene with one or two constituents on one 
carbon atom.  Vinyl polymers are the most widely produced type of polymer, and include poly(ethylene), 
poly(propylene), poly(vinyl chloride), poly(styrene), and poly(acrylate)s.  Based on the vinyl monomer 
choice, these polymers are often formed through propagation steps that utilize radical, cationic, or 
anionic active chain ends. In the case of ethylene and propylene, polymerization is most commonly 
catalyzed by various transition metal complexes in what is known as a coordination polymerization. 
Many non-vinylic chain-growth polymerizations are also catalyzed by metal complexes, including ring-
opening metathesis polymerizations (ROMP), ring-opening polymerizations (ROP), and many of the 
polymerizations described in chapter one.3, 4  
 A general discussion of the kinetics of chain-growth polymerization is substantially more 
complex than a discussion of step-growth polymerization kinetics. This complexity arises from the 
number of different concurrent reactions occurring at once (initiation, propagation, termination, chain 
transfer) as well as the wide variety of different types of chain-growth polymerizations that try to 
maximize, minimize, or entirely remove certain reactions. Even the prototypical kinetic analysis of free 
radical polymerizations makes a number of assumptions including a steady-state concentration of 
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growing chains and the equal reactivity of active centers.  Even with these assumptions in place, several 
important conclusions can be made about normal (non-controlled) chain-growth polymerizations. 
Firstly, monomer is consumed more slowly and consistently over the course of the polymerization in 
comparison to step-growth polymerizations. Secondly, the polymer’s number average molecular weight 
(Mn) initially grows very quickly, plateauing at relatively low p values (Figure 4, a).  This is because 
individual polymer chains are initiated, grow, and terminate very quickly relative to how long it takes 
all initiator or monomer to be consumed. 








Extent of Conversion (p)








Extent of Conversion (p)
 
Figure 4. Graph of average molecular weight (𝑀𝑛)versus the extent of conversion (p) for normal (a) 
and living chain-growth polymerizations (b). 
 In some cases, termination and chain transfer can be greatly, if not entirely, suppressed in what 
are known as controlled and living polymerizations, respectively. Some vinylic monomers can be 
polymerized in a living manner through the use of ionic initiators. This causes the active chain ends to 
also be ionic, preventing termination from occurring between two chains. Szwarc first demonstrated 
this type of living polymerization in 1956 by polymerizing styrene using sodium naphthalenide as an 
initiator.5 Initiation occurs as electrons are passed from the sodium naphthalenide to styrene, which 
subsequently dimerizes into a species with two active carbanions on each end (Figure 5, a).  Since the 
anionic chain ends are unable to react with each other, subsequent polymerization from each side can 
continue until all monomer is consumed (Figure 5, b). The living nature of these polymerizations is 
only seen, however, if great care is taken in choosing correct monomers and reaction conditions. 
Stringent measures must be taken to ensure reactions are free from impurities such as water or oxygen, 
which rapidly cause termination with the highly reactive chain ends. In the case of metal-catalyzed 
chain-growth polymerizations, catalysts can be designed which do not undergo chain transfer or 
termination steps. For example, metal-catalyzed living polymerizations have been demonstrated for 
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cyclic olefins, diazoacetates, and isocyanides.3, 6, 7 Because chain termination does not occur in living 
polymerizations, additional monomer can be added to reaction solutions to induce further polymer 
growth (chain extension) or to form copolymers. Additionally, when living polymerizations also 
undergo fast initiation (relative to propagation rates), number average molecular weights, 𝑀𝑛, increase 
steadily as p increases (Figure 4, b), and incredibly narrow (1-1.5) PDI (polydispersity index) values 
are obtained. This also leads to controlled molecular weights, with the monomer to catalyst ratio 
dictating the expected D.P. These three properties (chain extension, low PDI, and controlled 𝑀𝑛) are 
not only incredibly useful for synthesizing high-quality polymers, but are generally used as 
experimental evidence of a living polymerization.   
Figure 5. Initiation (a) and possible termination step (b) for the living anionic polymerization of 
styrene. While polymer chains cannot terminate with other active chains, reactions with impurities can 
cause termination. 
 If termination is effectively suppressed instead of being entirely absent, as is the case in 
controlled polymerizations, polymers can be synthesized with all of the benefits of a living 
polymerization. This is generally achieved through what is known as a “reversible-deactivation” radical 
polymerization (RDRP), which relies on a reversible reaction between active chain ends and some 
deactivating agent leading to the formation of dormant chain ends. The equilibria for these reactions lie 
heavily toward the dormant species, thus limiting the concentration of active chain carriers in solution 
at any time. Because the concentration of active chain ends is so low, the rate of termination reactions 
is greatly decreased, even though the rate constants of the associated reactions remain the same. If 
reversible-deactivation occurs concurrently with quick initiation, polymers with controlled molecular 
weights and low PDIs can be achieved. Additionally, on the right timescales, chain extension and 
copolymerization can be performed in a manner similar to living polymerizations. One example of 
RDRP which illustrates the method well is nitroxide-mediated radical polymerization (NMRP), which 
utilizes a stable nitroxide radical introduced through the initiator as the deactivating agent.8, 9 The 
polymerizations are generally initiated thermally, with the decomposition of alkoxyamine initiator into 
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a stable nitroxide radical and another reactive fragment, for example, a benzylic radical (Figure 6, a). 
The reactive fragment acts as a traditional initiator for chain-growth polymerization, and a polymer 
chain begins to grow. At some point, the nitroxide radical can react with a growing chain, forming the 
relatively stable dormant alkoxyamine (Figure 6, b).10 The dormant form can undergo homolysis, 
reforming the active chain end which is then free to continue growing, however, this is disfavored by 
the equilibrium so only small amounts of active chain exist in solution at any given time. A number of 
other RDRP methods including ATRP11 and RAFT12, 13 have been developed, and through similar 
mechanisms of deactivation, can display characteristics of living polymerizations.  
Figure 6. The initiation, propagation (a), and reversible deactivation (b) of a nitroxide-mediated 
radical polymerization of styrene 
 All of the aforementioned chain-growth polymerizations have been addition type 
polymerizations, propagating without the co-generation of small molecule byproducts. Chain-
condensation polymerizations, however, both produce small molecule byproducts and grow through a 
chain-growth mechanism.14, 15 Chain-condensation polymerizations still utilize reaction between two 
A-R-B type monomers but rely on either “change of substituent effects” or intramolecular catalyst 
transfer to insure that only activated chains can grow. Grignard Metathesis (GRIM) represents an 
example of the latter, where a large number of conjugated polymers can be synthesized through the 
polymerization of dihalo monomers using metal catalysts. For example, when 2-bromo-3-hexyl-5-
iodothiophene is reacted with 1 equivalent of i-PrMgCl and catalytic amounts (0.4 mol %) of 
Ni(dppp)Cl2 (dppp = 1,3-bis(diphenylphosphino)propane), a poly(thiophene) was formed in a manner 
consistent with chain-growth polymerization (Figure 7).16 The initial step in the reaction is the formation 
of the Grignard reagent monomer, 2-bromo-5-chloromagnesio-3-hexylthiophene, which is not capable 
of self-polymerization. When Ni(II)(dppp)Cl2 is present, two equivalents of the Grignard monomer 
complex to the catalyst and 2 equivalents of MgCl2 are given off. Reductive elimination leads to 
coupling between the two monomers, and the zero-valent Ni complex is oxidatively added between one 
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of the remaining C-Br bonds. The Ni(II) catalyst is now primed for reaction with another monomer, and 
the repetition of this cycle makes up the propagation step. In some cases, controlled GRIM 
polymerizations can be performed which display narrow PDIs, controlled molecular weights, and active 
chain ends amenable to block co-polymerization.17, 18 
Figure 7. Mechanism of initiation and propagation for the GRIM polymerization of hexyl thiophene 
 Chain-condensation polymerizations that display a change of substituent effect do not utilize 
catalysts, but rather rely on an increased reactivity of the polymer end groups relative to the monomer.14, 
15 The increase in end group reactivity is caused by the change of electronic properties of the molecule 
induced by the transformation of the monomer (A-R-B) into the end group (P-B’-A’-R-B) (Figure 8, a). 
To date, this has only been observed in cases where R is conjugated between A and B and the change 
in electron withdrawing or donating effects between A and A’ causes changes in the reactivity of B due 
to resonance effects.  The first report of such an effect was in the polymerization of metallated p-
halothiophenoxides, where less monomer was consumed at various extents of conversion in comparison 
to what was expected for a step-growth polymerization (Figure 8, b).19 This effect was attributed to the 
transformation of the thiophenoxide anion, a strong electron donating group, into a much weaker 
electron donating sulfide group when polymerized. The decrease in electron density donated into the 
aromatic ring had the effect of increasing the reactivity of the halogen in the para position towards 
further condensation.  This change in reactivity makes it more likely for monomers to condense with 
the activated halogen on a polymers endgroup than with each other, effectively breaking the assumption 
of equal reactivity. This leads to preferential growth of the polymer chains over dimerization and a 
polymerization that shows chain-growth character. Further studies were not conducted on the system to 
determine the extent that chain-growth was occurring over step-growth, however, many new 
condensation polymers utilizing the change of substituent effect have been shown to exclusively 
polymerize in a chain-growth manner. 
Under basic conditions, phenyl 4-(octylamino)benzoate does not readily polymerize with itself, 
but when phenyl 4-nitrobenzoate is added as an initiator a chain-growth polymerization occurs(Figure 
8, c).20 Under basic conditions, the amine is deprotonated to form an aminyl anion, which strongly 
donates electron density into the aromatic ring and ester functionality.  This has the effect of greatly 
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reducing the electrophilicity of the carbonyl carbon, rendering it unreactive towards nucleophilic attack 
by aminyl anions on other monomers. Nitro groups, on the other hand, are strongly electron 
withdrawing, rendering the ester on the initiator strongly electrophilic and prone to reaction with the 
aminyl anions on the monomers. When a monomer reacts with the initiator, the amide linkage formed 
is a much weaker electron donating group than the aminyl anion, resulting in an ester end group which 
is prone to nucleophilic attack. Subsequent reaction with another monomer leads to the formation of 
another amide linkage and the ester group of the terminal structural unit is becomes the new active chain 
end. This process of amide formation and concurrent ester activation is the propagation step for this 
chain-growth polymer. The preference towards chain-growth is so strong that polymers with low (<1.1) 
PDIs and controlled molecular weights (up to 22 kDa) could be formed. A number of other chain-
condensation techniques allow the polymerization of poly(amide)s, poly(ether)s, poly(thiophene)s, and 
more with high levels of control. Control over these typically uncontrolled condensation reactions 
greatly expands the utility of the polymer produced, however strict requirements on the potential 
monomers and reaction conditions potentially limit the utility of chain-condensation polymers.  
With the various polymer growth mechanisms in mind, we devised several experiments to 
determine the polymerization mechanism for different poly(carbyne) precursors.  The results of these 
experiments clearly show that different monomers polymerize through different mechanisms based on 
side chain functionality.  Furthermore, we have shown that in addition to increasing polymer yields, the 
inclusion of naphthalene increases polymerization rate while not fundamentally altering the 
polymerization mechanism.  While initial kinetic and thermodynamic analyses of the polymerizations 
did not reveal a clear cause for the differences in polymer structure and polymerization mechanism seen, 




Figure 8. Chain-condensation polymerizations occur due to change of substituent effects when a 
functional group on the monomer is activated toward further polymerization upon incorporation into 
the polymer chain (a).  The activation occurs due to the change in the electronic properties of the 
molecule, as is seen in the polymerizations of p-halothiophenoxides (b) and 4-(octylamino)benzoate 
(c). R = C8H17 
4.2 Results and Discussion 
 The fundamental propagation step in Li driven poly(carbyne) synthesis consists of the 
transformation of two C-X bonds and two atoms of Li into one new C-C bond and 2 atoms of LiX 
(Figure 9, a). This is the case for the reaction of any two polymerizable species in solution, regardless 
of what other substituents are on the two reacting molecules. For example, both the reaction of a 
trifluorotoluene dimer with a structural unit of branched poly(phenyl carbyne) (Figure 9, b) and  the 
reaction of a trichloro acetate monomer with the end group of a linear poly(ester carbyne) (Figure 9, c) 
both produce exactly one new C-C bond and 2 molecules of LiX. Because the fundamental coupling 
reaction always produces LiX as a byproduct, it is easy to classify this reaction as a condensation 
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polymerization. As was discussed above, however, condensation polymerizations can grow in both a 
step- and chain-growth manner. In order to elucidate the operant polymerization mechanism, a series of 
experiments that utilize some of the unique properties of poly(carbyne) synthesis were performed.   
 As mentioned previously, step-growth polymerizations generally obey the principle of equal 
reactivity of functional groups. When this is the case, the progress of the polymerization is dictated by 
probability and the amount of monomer remaining in solution should be governed by Equation 2. It 
then follows that if monomer concentration, [M], and the extent of conversion, p, could accurately be 
measured at various points during the polymerization, then it should be possible to determine if a step-
growth polymerization is operational by comparing a graph of the two. Measurements of monomer 
concentration during a polymerization are fairly common in the field of polymer chemistry and can be 
performed using a large variety of analytical techniques including nuclear magnetic resonance (NMR), 
high-performance liquid chromatography (HPLC), and gas chromatography (GC). Extent of 
conversion, or the amount of remaining reactive functional groups, can be more difficult to measure 
and depends strongly on the nature of the monomer. In the case of the chain-condensation of p-
halothiophenoxides mentioned above, p was measured through elemental analysis of the amount of 
residual halogen remaining in polymer samples.19 In much of the work Flory based his theories off of, 
p was measured in the polymerization of polyesters by titrating the remaining carboxylic acid in solution 
with base.21 Aliquots had to be pulled out periodically as the fraction of conversion naturally moved 
toward 1 over time.  
Figure 9. The fundamental coupling reaction present in poly(carbyne) synthesis (a) is seen in all 
examples of polymer growth, such as the addition of a dimer to branched poly(phenyl carbyne) (b) or 
the addition of a monomer to linear poly(ester carbyne) (c). R = phenyl, ester R’ = structural unit, X X 
= leaving group 
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In the case of poly(carbyne)s, stoichiometric amounts of reductant are required to drive the reaction 
forward and thus increase p. This can easily be seen in the first paragraph of the discussion. From the 
chemical equation of the polymerizations, it is clear that 3 equivalents of Li are required to fully 
polymerize a poly(carbyne) monomer, assuming a complete reaction between the two. As we have 
previously shown, near complete dechlorination (p = 1) of trichlorotoluene and pentyl trichloroacetate 
is in fact achieved when stoichiometric amounts (3 eq.) of Li are added. Since we can directly relate the 




          Equation 4. 
By performing the polymerizations with varying substoichiometric amounts of Li, it is possible to 
measure monomer consumption at varying values of p, and thus determine whether a step-growth or 
chain-condensation mechanism is active. If monomer is consumed in a fashion predicted by Flory 
(Figure 10 a), a step-growth polymerization must be active. However, if the poly(carbyne) were to form 
according to a chain-condensation mechanism, monomer should be consumed more slowly and be 
present at late stages of the reaction (Figure 10 b).  
 
Figure 10. Comparison of monomer remaining after various equivalents of Li are added to carbyne 
precursors if an ideal step-growth (a) or chain-growth (b) polymerization is active. 
In practice, the experiments were performed by charging solutions of either trichlorotoluene 
(TCT) or pentyl 2,2,2-trichloroacetate (PTCA) with varying quantities of Li (0.5 – 3.5 equiv. relative to 
monomer) in THF and measuring the remaining monomer by gas chromatography. The percentage of 
monomer remaining (([M] / [M0]) ∙ 100) versus the equivalents of Li added ([Li]0 / [M]0) was then 
plotted. As shown in Figure 11a, TCT (red squares) was detected in solution even after several 
equivalents of Li were added. Linear regression of the data showed that approximately 34% of monomer 
was consumed for each equivalent of Li added which agreed with the value (33%) expected for an ideal 
chain-growth polymerization. This suggests that 2/3 of the monomer remains while 1/3 is fully 
dechlorinated a third of the way through the reaction, showing a stark difference to what is expected in 
a step-growth polymerization. In contrast, linear regression of the data recorded for analogous 
experiments performed with PTCA (Figure 11a, blue circles) indicated that approximately 56% of the 
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monomer was consumed per equivalent of Li added, much closer to what would be expected in a step-
growth polymerization.  
Figure 11. (a) Monomer (TCT, red squares or PTCA, blue circles) remaining as a function of 
equivalents of Li added. (b) Monomer (TCT, red squares or PTCA, blue circles) remaining as a function 
of equivalents of Li added and in the presence of naphthalene. 
The potential effects of the added electron transfer agent on the polymerization mechanisms 
were also investigated. The aforementioned monomer consumption experiments were repeated in the 
presence of 0.25 equiv. of naphthalene and key results are shown in Figure 11b. In the presence of 
naphthalene, the amount of monomer consumed per equivalent of Li added was calculated to be 
approximately 34% and 55% for TCT and PTCA, respectively (red squares and blue circles, 
respectively). Kinetics data were also recorded and revealed that the monomers were consumed 
relatively rapidly when naphthalene was added. For example, the amount of TCT consumed after 1 h 
was determined to be 28% in the presence of naphthalene and 16% in the absence. Likewise, 
conversions of 76% and 34%, respectively, were measured for experiments that involved PTCA. More 
in-depth kinetic experiments were attempted, however consistent results were difficult to obtain due to 
the heterogeneous nature of the reaction as well as the extremely fast initial reaction rate. Regardless, 
the basic kinetic observations, along with the results from figure 11, indicated that higher reaction rates 
were observed when PTCA was polymerized in comparison to TCT and that the charge transfer agent 
accelerated the polymerization without affecting the underlying mechanism. 
If the results from Figure 11a are plotted against Equation 2, we see further evidence that different 
growth mechanisms are operant based on monomer choice (Figure 12).  The amount of TCT 
consistently falls above the theoretical predictions, suggesting an increased reactivity of structural units 
in the polymer when compared to monomer.19 This is indicative that, at least by monomer consumption 
studies, the polymerization of TCT displays some chain-condensation character. Alternatively, while 
concentrations of PTCA initially lie close to the theoretical predictions for a step-growth mechanism, 
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they deviate to lower than expected values as the extent of conversion increases.  This could potentially 
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Figure 12. Data from Figure 11a plotted as fraction of monomer remaining vs extent of conversion for 
TCT (red squares) and PTCA (blue circles), as well as the theoretical curve for a step-growth 
polymerization according to Eq. 2. 
While the exact mechanism of activation and deactivation observed in the growing polymer chains is 
not readily apparent, its presence in the formation of poly(carbyne)s is not entirely unexpected. While 
change of substituent effects have only been observed in conjugated polymers, there is no reason to 
think that they cannot occur in other polymer systems. In the case of poly(carbyne)s, all reactive 
functionalities in a monomer are located on the same carbon atom. Because of this, it is not unexpected 
that the conversion of a germinal C-Cl bond to a C-C bond would have an effect on the reactivity of the 
remaining reactive functionalities (C-Cl) (Figure 13, a). The change of the C-Cl to C-C bond could be 
considered analogous to the “change of substituent effect” in this case. In the cases reported, we see 
both an increase in reactivity (TCT) as well as a decrease in reactivity (PTCA) as the C-Cl bonds are 
replaced, which likely arise from the steric and electronic effects of the side chains of both the structural 





Figure 13. The change in bonding (C-Cl to C-C) at the reactive carbon of a carbyne structural unit 
can lead to a change in reactivity of the remaining leaving groups (a), leading to either activation or 
deactivation in relation to the monomer (b). 
 A study into the thermodynamics of the monomers and their dimers was designed to further 
probe the cause of these increased and decreased reactivities. It was hypothesized that differences in 
reduction potentials, V between the monomers and their respective dimers could be the cause of the 
observed activation and deactivation, and would explain the differing mechanisms seen. Specifically, 
we expected the dimer of TCT to have a lower absolute (less negative) reduction potential (V2, Figure 
14) than TCT (V1). If this were true, it would suggest that partially dechlorinated poly(phenyl carbyne) 
chains are more easily reduced into reactive intermediates than TCT. Under the strongly reducing 
conditions present during polymerization, this would equate to growing polymer chains that are 
activated toward further polymerization in comparison to their monomers, and explain the chain-
condensation behavior observed. We expected to see the opposite in the case of PTCA (V4), with a 
slightly higher absolute (more negative) reduction potential deactivating the polymer chains (V3) and 
leading to the higher than expected monomer consumption. The reduction potentials of each molecule 
could easily be determined by cyclic voltammetry, however, the two dimers needed to be synthesized 




Figure 14. The electrochemical reduction of TCT, PTCA, and their dimers. If V2 > V1 then growing 
chains are more easily reduced than the monomer and could be thought of as “activated” toward 
further polymerization leading to chain-growth. If V4 <  V3 then no activation is seen in the growing 
polymer chains and step-growth would be observed. R = C5H11 
 The dimer of TCT was relatively easy to synthesize and purify, with TCT being coupled using 
stoichiometric amounts of FeCl2 as a reductant (Figure 15, a).  The reaction was performed by adding 
2 equivalents of FeCl2 to a solution of TCT in acetonitrile.22, 23 After stirring for 2 hours at room 
temperature, a simple series of extractions easily removed the benzoic acid byproduct.  The remaining 
mixture was then run on a silica column to effectively remove remaining starting material to give a 50% 
yield of the pure dimer. Unfortunately, this same chemistry is not as effective with trichloroacetates. 
Strong complexation between the carbonyl and iron arrest coupling reactions and at best 28% yields of 
the desired compound can be produced in a multi-component mixture of products (Figure 15, b).23 The 
other byproducts are the dichloroacetate, formed through hydrolysis of the Fe-C bond, and dichloro 
fumarate and maleate derivatives, formed through over reduction of the compound. The identities of 
these compounds were confirmed through 1H and 13C NMR, but the exact quantification of each product 
was made difficult due to overlapping peaks.  Separation of the desired tetrachloro succinate from the 
two dichloro alkene isomers was not successful and another synthetic strategy was devised.  
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Figure 15. The synthetic scheme for the synthesis of TCT dimer (a) using FeCl2 produces an 
inseparable mixture when trichloro acetates are used (b).  Instead, the chlorination, hydrolysis, and 
esterification of DMAD were used to produce the PTCA dimer (c). 
 Several methods utilizing the chlorination and transesterification of dimethyl 
acetylenedicarboxylate (DMAD) and related derivatives were attempted, and successful synthesis of 
the PTCA dimer, dipentyl 2,2,3,3-tetrachlorosuccinate, was finally achieved (Figure 15, c). The 
synthesis began with the chlorination of DMAD, which was performed by bubbling 25 eq. of Cl2 
through a 0.25 M solution of DMAD in CHCl3. After reacting overnight, washing with sodium 
thiosulfate and brine, and removing solvent under vacuum, a mixture of dimethyl tetrachlorosuccinate 
and the asymmetric ester chloromethyl methyl tetrachlorosuccinate was obtained in 72% and 12% 
yields, respectively. This mixture was subsequently hydrolyzed at -10 oC in a 1 : 1 mixture of isopropyl 
alcohol and 1.5 M LiOH in water. After 30 minutes 10% HCl was added to the solution until acidified, 
and tetrachlorosuccinic acid was extracted into DCM and subsequently dried. Without further 
purification, the diacid (4.7 mmol) was added under N2 to PCl5 (9.4 mmol) in a Schlenk flask with an 
attached condenser column.  The reaction was heated to 165 oC, upon which the PCl5 liquefied. After 
allowing to react overnight, the flask was cooled to room temperature, and 12.5 mL of DCM, 0.5 mL 
of pyridine, and 3.4 g of 1-pentanol were added to the flask and allowed to react for 12 hrs. Subsequent 
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extraction of the compound yielded 2 mmol (42 % over 3 steps) of the desired dipentyl 2,2,3,3 
tetrachlorosuccinate.  
 With the required compounds successfully synthesized, electrochemical analysis could be 
performed. Cyclic voltammograms were taken for TCT, its dimer, PTCA, and its dimer in 0.01 M TBAF 
(tetra-n-butylammonium fluoride) solution in dimethylformamide (DMF). Unexpectedly, the first 
reduction peak for the TCT dimer (-2.50 V, Figure 15, b) is slightly more negative than that of TCT (-
2.42 V, Figure 15, a). While a difference of only 0.08 V is quite small, it was expected that the reduction 
potential of the dimer would be considerably less negative than that of TCT to facilitate the chain-
condensation mechanism. Even more surprising was that the first reduction peak for the PTCA dimer 
(-2.12 V, Figure 15, d) was 0.2 volts less negative than the monomer (-2.34 V, Figure 15 c), suggesting 
it is more prone to reduction than the monomer. If the initial reduction of the compound was the reaction 
step causing increased reactivity in the polymer chain, and thus chain-condensation, we would expect 
PTCA to grow in a chain-growth manner. Since the differences in monomer-dimer reduction potentials 
do not line up with the expected values, we cannot say that the removal of chlorine to form the reactive 
carbon center is the process leading to the observed mechanistic differences.
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Figure 16. Cyclic voltammograms for TCT (a), its dimer (b), PTCA (c), and its dimer (d). 
106 
 
 If the formation of the reactive carbon center is not the step leading to chain-condensation, then 
the observed differences in polymerization mechanism must arise from the coupling reaction, where 
linking of structural units occurs.  The coupling reactions can occur through one of two pathways, either 
radical or anionic. Both pathways begin with the single electron transfer from Li (or Li Naphthalenide) 
to a chlorine atom on the polymerizing species, leading to homolytic cleavage of the C-Cl bond (Figure 
16, a). It was this step that was investigated in the electrochemical study. In the case of a radical coupling, 
as the name implies, the generated radical reacts with another radical species (monomer or other 
polymer) in solution to form a new C-C bond (Figure 16, b). Alternatively, the radical can be further 
reduced into an organo-lithium compound through another single electron transfer (Figure 16, c). 
Subsequent nucleophilic attack by the anion on the electron-deficient carbon of another monomer or 
polymer leads to the coupling reaction. These potential pathways are similar to what are seen in Wurtz-
like polymerizations, where it has been shown that both radical and ionic pathways are operant at any 
given time.24 In the case of poly(carbyne) synthesis, polymerizations have been performed in both the 
presence of radical traps (TEMPO) and electrophiles (p-trifluormethlbenzaldahyde) and in both cases 
incorporation of the traps into the polymer have been observed. This suggests that similar to the Wurtz 
polymerization, both pathways are active.  
 
Figure 17.  The steps in poly(carbyne) formation consist of monomer activation through reduction (a) 
followed by either radical coupling (b) or further reduction into an organo-lithium compound and 
subsequent nucleophilic attack (c). R = phenyl, ester R’ = Cl, polymer 
 Identifying the specific cause of chain-condensations in the coupling step is quite difficult, both 
because of the two possible coupling pathways as well as the innately reactive nature of the molecules 
involved. We can, however, make some general statements about what to expect (and potentially look 
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for) in a system that is thermodynamically prone to chain-condensation. In the case of a radical coupling, 
chain-growth would be expected if a monomer radical was substantially more stable than a radical 
located on a polymer chain. While we can say that benzylic radicals are generally more stable than 
acetyl radicals, bond dissociation energies for the specific monomers and polymers (or dimers) would 
have to be determined experimentally or computationally and then compared.25,26 Alternatively, if the 
ionic pathway was responsible for the chain-growth observed, it could stem from properties of the 
nucleophile or electrophile. If the dimer (or oligomer) was substantially more electrophilic than its 
monomer, it would be more prone towards attack by anionic species, which would lead to a relative 
activation.  Conversely, if an activated anionic dimer was substantially more nucleophilic than activated 
monomer, a similar, though reversed, explanation of activation could be made. Again, testing of the 
hypothesis is made difficult due to the highly reactive nature of the intermediates, though perhaps 
carefully performed test reactions or computational calculations could probe whether chain-
condensation is seen due to the thermodynamics of the coupling step.  
4.3 Conclusions 
We have demonstrated that the polymerization of carbyne precursors follow either a chain- or 
step-growth mechanisms based on the choice of monomer. Interestingly, the difference in mechanism 
aligns with the dichotomy seen in the structure of the polymer backbone. The carbonyl-containing 
monomers were found to polymerize primarily in a step-growth manner and afforded unsaturated, linear 
polymers. In contrast, the reductive C1 polymerization of arylated monomers afforded branched 
polymers and proceeded in a manner that was consistent with a chain-growth process. Additionally, it 
was found that while naphthalene increased the reaction rates, it did not fundamentally alter the 
polymerization mechanism.  
The cause for these mechanistic differences likely arises due to the activation or deactivation 
of structural units as they are incorporated into the polymer, in a manner similar to change of substituent 
chain-condensation polymerizations. This likely occurs due to electronic and steric differences in the 
structural unit when the C-Cl bond of a monomer is converted into a C-C bond in the polymer. 
Electrochemical analysis revealed this activation is not from the initial reduction step but is likely 
caused by differences in the active radical or anionic intermediates. Further experimental or 
computational studies to better understand the exact source of the activation causing chain-growth could 





General Considerations. All solvents were dried using a Vac Atmospheres solvent purification system. 
Monomer syntheses were performed under an atmosphere of nitrogen using standard Schlenk 
techniques unless otherwise noted. Since lithium nitride can form when lithium is exposed to nitrogen, 
the polymerization reactions were set up under an atmosphere of argon and run in sealed vials. All 
reagents were purchased from commercial sources and used as received unless otherwise noted. α,α,α-
trichlorotoluene  was purchased from Alfa Aesar. Solution-state 1H and 13C NMR spectra were recorded 
at room temperature on a Bruker Avance III HD spectrometer operating at 400 MHz for 1H, in CDCl3 
(internal standard: 7.26 ppm, 1H; 77.16 ppm, 13C), CD2Cl2 (internal standard: 5.32 ppm, 1H; 53.84 ppm, 
13C) or THF-d8 (internal standard: 3.58 ppm, 1H; 67.21 ppm, 13C). Splitting patterns are denoted as 
follows: br, broad; s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. Infrared spectra were collected 
either by attenuated total reflectance (ATR) on an Agilent Cary-630 spectrometer using a germanium 
crystal for liquid samples or via transmission through a KBr pellet on a Perkin-Elmer Frontier 
spectrometer for solid samples. Gas chromatography was performed on an Agilent Technologies 6850 
system fitted with an FID detector using n-dodecane as an internal reference. Method details: 30 m, 
0.32 mm ID, 0.25 μm coating HP-1 column, 100 : 1 split ratio, 1.5 mL min-1 flow of He, 100 °C for 1.5 
min, ramp to 200 °C at 20 °C min-1. Cyclic voltammetry was performed on 10 mg of the compound in 
a 0.01 M TBAF (tetra-n-butylammonium fluoride) solution in DMF. A 1.6 mm platinum disk working 
electrode and non-aqueous Ag/Ag+ (acetonitrile) reference electrode were used, with voltages being 
refrenced to a saturated calomel electrode (SCE) by shifting Fc/Fc+. 
n-Pentyl Trichloroacetate. A dry 250 mL flask was charged with 100 mL of anhydrous CH2Cl2 and 
4.176 g (47.4 mmol) of 1-pentanol. The flask was cooled to 0 °C and then charged with 10.306 g (54.7 
mmol) of trichloroacetyl chloride. After adding 4 mL of pyridine in a dropwise manner to the flask, the 
resulting mixture was slowly warmed to room temperature and stirred overnight. The mixture was then 
washed with 100 mL of an aqueous solution of HCl (10%) followed by 100 mL of brine before being 
dried over MgSO4. After filtration, the solvent was evaporated to afford 10.096 g (91% yield) of the 
desired compound as a straw-colored liquid. 1H NMR (400 MHz, CDCl3): δ 4.32 (t, 2H), 1.73 (m, 2H), 
1.34 (m, 4H), 0.88 (t, 3H). 13C NMR (100 MHz, CDCl3): δ 161.86, 90.00, 69.43, 27.84, 27.67, 22.10, 
13.80. FT-IR (Ge-ATR): 2960, 2932, 2863, 1763, 1457, 1379, 1236, 1042, 980, 885, 827, 751, 680 cm-
1. 
Monomer Consumption Analyses. A total of eight 30 mL vials equipped with glass-coated stir bars were 
each charged with 4 mmol of monomer, 4 mmol of n-dodecane, 4 mL of anhydrous THF, and in some 
cases 1 mmol of naphthalene. Seven of the vials were charged with 13 mg (2 mmol) of lithium. After 5 
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min, additional lithium (13 mg) was added to six of the vials. This process was repeated every 5 minutes 
until samples were created with lithium to monomer molar ratios of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5. 
Other reaction conditions and work-up procedures are described above. Aliquots (50 μL) were 
withdrawn from the vials, diluted with a 4:1 (v/v) mixture of THF and methanol (1 mL) and then 
analyzed by gas chromatography (GC). Monomer consumption was determined by comparing the area 
of the GC signal assigned to the monomer to that of an internal standard (n-dodecane). Each analysis 
was performed in triplicate.  
Kinetics Analyses. Under an atmosphere of argon, 5 mL of anhydrous THF, 5 mmol of n-dodecane, and 
208.2 mg (30 mmol) of lithium were added to a 30 mL vial equipped with a glass-coated stir bar. In 
some cases, 160.2 mg (1.25 mmol) of naphthalene was added. The vial was sealed and 5 mmol of 
monomer was added dropwise via syringe before heating the resulting mixture to 70 °C. After 1 h, an 
aliquot (50 μL) was withdrawn from the reaction mixture, diluted with a 4:1 (v/v) mixture of THF and 
methanol (1 mL) and then analyzed by gas chromatography (GC) as described above. 
1,1,2,2-tetrachloro-1,2-diphenylethane. 2 g (10 mmol) of α,α,α-trichlorotoluene  was added to a dry 
500 mL flask with 300 mL of acetonitrile followed by 2.5 g (20 mmol) of FeCl2. The reaction was run 
for 2 hours at R.T. before the solvent was removed under vacuum. Extraction of the desired compound 
into ethyl acetate followed by removal of the solvent under vacuum and subsequent running on a column 
using hexane as an eluent led to isolating the target compound in a 50% yield.  1H NMR (400 MHz, 
CDCl3): δ 7.43 (b, 2H), 7.35 (m, 1H), 7.22 (2, 2H). 13C NMR (100 MHz, CDCl3): δ 130.80, 129.84, 
126.64. FT-IR (Ge-ATR): cm-1. 
Dimethyl 2,2,3,3-tetrachlorosuccinate (mixture with methyl chloromethyl 2,2,3,3-tetrachlorosuccinate). 
50 mL of chloroform and 1.7 g (12 mmol) of dimethyl acetylenedicarboxylate was added to a 3 neck 
round bottom flask.  300 mmol of Cl2, generated through the reaction of Ca(ClO)2 and HCl were bubbled 
through the reaction at room temperature. After chlorine addition was completed, the reaction was 
allowed to react overnight before being washed with sodium thiosulfate and brine and removal of 
solvent under vacuum. This produced 72% and 12% yields of the dimethyl and methyl chloromethyl 
esters, respectively, which were subsequently used without further purification. 1H NMR (400 MHz, 
CDCl3): δ 5.85 (s, 2H), 3.95 (s, 3H), 3.94 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 163.18, 163.00, 
161.03, 87.38, 86.97, 86.87, 71.25, 55.39, 55.29. FT-IR (Ge-ATR): cm-1. 
Dipentyl 2,2,3,3-tetrachlorosuccinate. 3.4 g of the diester mixture was added to 24 mL of IPA and 
cooled to -10 oC before 24 mL of 1.5 M LiOH in water was added with stirring. The mixture was allowed 
to react for 15 minutes at the lowered temperature before 20 mL of 10% HCl was added.  The mixture 
was extracted with 50 mL of DCM two times before the organic layer was dried with MgSO4 and solvent 
was removed. The isolated product (4.7 mmol) was added to a 50 mL Schlenk flask with 2 g (9.5 mmol) 
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of PCl5. The flask was fitted with a reflux condenser and a N2 filled balloon before it was heated to 165 
oC overnight. The flask was subsequently cooled to room temperature before 12.5 mL of DCM, .5 mL 
of pyridine, and 3.418 g of 1-pentanol were added and allowed to react overnight. The reaction was 
worked up in a manner similar to that used in the synthesis of pentyl trichloroacetate to give a 42% 
yield of the desired product.  1H NMR (400 MHz, CDCl3): δ 4.31 (t, 4H), 1.74 (m, 4H), 1.37 (m, 8H), 





4.5 Additional Data 
 
Figure S1. 1H NMR spectrum of 1,1,2,2-tetrachloro-1,2-diphenylethane (400 MHz, 298 K, 
CDCl3). 
 





Figure S3. 1H NMR spectrum of Dimethyl 2,2,3,3-tetrachlorosuccinate (400 MHz, 298 K, 
CDCl3). 
 





Figure S5. 1H NMR spectrum of Dipentyl 2,2,3,3-tetrachlorosuccinate (400 MHz, 298 K, 
CDCl3). 
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Chapter 5. Conclusions and Future 
Outlooks 
C1 polymerizations provide a unique synthetic pathway towards persubstituted polymers, 
which can possess enhanced physicochemical properties over their conventional C2 analogs. Much of 
the work to date on C1 polymers has focused on using carbene precursors as monomer sources, and in 
some cases, these polymerizations have been shown to be living or controlled. In comparison, the field 
of poly(carbyne)s is relatively unexplored, with only a handful of monomers being used in their 
synthesis. Additionally, no in-depth study of the polymerization mechanism of poly(carbyne)s had 
previously been undertaken. We have addressed both of these deficiencies by greatly expanding the 
scope of known carbyne precursors which polymerize under reductive conditions as well as conducting 
the first investigation into the polymerization mechanism of some of these monomers. Interestingly, we 
have found both the polymer structure and polymerization mechanism to be dependent on the monomer 
used. Of particular interest are the polymers which form via a chain-condensation polymerization. 
Future work should be directed at understanding the cause of activation in these chain-condensation 
polymerizations and subsequently utilizing new monomers and reductants to achieve a controlled or 
living poly(carbyne) polymerization. 
 Initial experimentation was directed at optimizing the Li promoted synthesis of poly(phenyl 
carbyne) and subsequent characterization of the polymer. Maximum molecular weights and yields were 
seen when 6 Eq. (relative to monomer) of Li were added to a 1 M solution of trichlorotoluene.  Heating 
of the solution at 70 oC for 12 hours led to the formation of a polymer with a number average molecular 
weight of 4.1 kDa (Đ = 2.8) which was isolated in 85% yield.  Structural analysis of the poly(phenyl 
carbyne) through NMR and IR spectroscopy showed strong evidence that it had a branched structure 
and contained only sp3 hybridized carbons along the backbone. This is consistent with the structural 
characterization of poly(phenyl carbyne) as well as other poly(carbyne)s from recent literature.  
 With a firm grasp on the experimental methods used in reductive poly(carbyne) synthesis and 
characterization, a number of new potential monomers were envisioned and prepared.  Carbyne 
precursors containing fluorine as well as other non-halogen leaving groups were investigated, and while 
germinal trifunctionalized  molecules such as methyl orthobenzoate or trifluorotoluene readily 
polymerized,  molecules with sp and sp2 carbons in a similarly electron deficient state did not undergo 
reductive polymerization.  Monomers containing several polar side chains were also investigated as 
poly(carbyne) precursors. The polar monomers, including those containing an ester functionality, were 
successfully polymerized into the first poly(carbyne)s with carbonyl-containing side chains. 
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Surprisingly, these polar poly(carbyne)s had a linear structure, possessing alternating single and double 
bonds along the backbone, in contrast to the reported branched structure in all other poly(carbyne)s.  
 To better understand why a dichotomy was seen in polymer structure based on monomer choice, 
a number of experiments were performed to investigate the polymerization mechanism.  According to 
monomer consumption studies, polar poly(carbyne)s, such as those made from pentyl trichloroacetate 
(PTCA), undergo step-growth polymerization while poly(carbynes) containing phenyl side chains, such 
as those made form trichlorotoluene (TCT), undergo a chain-growth polymerization. While the addition 
of an electron transfer agent, such as naphthalene, was found to catalyze the reaction and increase 
molecular weights and yields of many poly(carbyne)s, it was not found to alter the underlying 
polymerization mechanism. When compared to theoretical predictions of monomer consumption in a 
step-growth polymerization, clear deviations are seen in both the polymerization of TCT and PTCA. 
This is likely caused by the increased (TCT) or decreased (PTCA) reactivity of growing polymer chains 
caused by the conversion of C-Cl bonds in the monomer to C-C bonds after a coupling reaction. 
Electrochemical analysis suggests that this activation does not stem from the initial reduction step, and 
therefore must come from the bond formation step, which can potentially occur through either radical 
coupling or nucleophilic substitution.  
 Further investigation into the polymerization mechanism of carbyne precursors is essential to 
the maturation of the field. Currently, the reductive polymerization of carbyne precursors relies on harsh 
conditions and produces relatively low molecular weight polymers in varying yields.  The discovery of 
chain-condensation character in the polymerization of trichlorotoluene suggests that perhaps many of 
these issues could be remedied, as several living and controlled polymerizations exist which take 
advantage of similar change of substituent effects. The first step to achieving this goal, however, is 
obtaining a better understanding of the fundamental step leading to the activation (or even deactivation) 
of poly(carbyne) chains versus their monomers. Test reactions as well as computational studies could 
likely elucidate the exact thermodynamic, kinetic, or steric reason activation is seen in some cases. From 
there, further chemistry can be designed to enhance this activation. This can happen through the use of 
specifically chosen monomers, either with entirely new pendant groups or those altered electronically 
(e.g. substituted aryl rings), which further amplify this activating effect. Alternatively, different 
potentially milder reducing agents (or even electrochemical methods) could be used which might 
selectively react with the activated chain ends, leading to a more pronounced chain-condensation. When 
some degree of control is seen in the polymerization, likely resulting in substantially increased 
molecular weights, focus can be shifted to the preparation of poly(carbyne)s that possess useful 
properties. Incorporation of various functionalities (particularly as ester side chains) into well-
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controlled poly(carbyne)s could lead to densely functionalized persubstituted polymers which contain 
different polymer architectures than other C1 polymers generated from carbene precursors.  
 Overall, we have made considerable contributions to the field of poly(carbyne)s as well as C1 
polymerizations in general. This work has more than doubled the number of reported monomers used 
in the reductive synthesis of poly(carbyne)s and provided a groundwork to prepare poly(carbyne)s from 
an even larger number of other monomers. These include monomers with ester side chains, which in 
addition to forming the first polar poly(carbyne)s, also provide a potent handle for further 
functionalization of the polymers. We have also reported the first mechanistic investigation of the 
reductive polymerization of carbyne precursors, and shown that certain monomers undergo a chain-
condensation polymerization, presumably due to change of substituent effects. If this change of 
substituent effects can be enhanced and controlled, then it is likely that a living polymerization of 
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